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INTERACTION BETWEEN PTERIDINES AND TRYPTOPHAN* 
By Ein Fustmorti 
INSTITUTE FOR MUSCLE RESEARCH, MARINE BIOLOGICAL LABORATORY, WOODS HOLE, MASSACHUSETTS 


Communicated by Albert Szent-Gyérqyi, December 26, 1958 


Introduction. —There have been recent reports by Harbury and Foley! and by 
Isenberg and Szent-Gyoérgyi? that riboflavin complexes with tryptophan. Further- 
more, spectral evidence indicates that the complex is a free radical in which one 
electron has gone from tryptophan to riboflavin.? The study reported here is an at- 
tempt to see whether pteridines demonstrate similar behavior, since pteridines have 
a structure similar to riboflavin. Such studies may be significant for an under- 
standing of the functioning of pteridines themselves, since the pteridines are bio- 
logically significant in their own right. 

It may easily be shown that the pteridines do complex with tryptophan. — [f, for 
example, a solution of an almost colorless pteridine, 2-amino-4-hydroxy-pteridine- 
6-carboxylic acid, is frozen in the presence of tryptophan, the color becomes yellow. 
Spectral studies reported below indicate a weaker, but still definite, complexing 
at room temperature. 

This paper will also report on the interaction of tryptophan and serotonin with 
a simple nitrogen heterocycle, acridine. 

Experimental Method and Results.—Absorption spectra were studied by means of 
a Beckman DK1 recording spectrophotometer. Upon complexing, the absorption 
peak of pteridines in phosphate buffer (pH 7.0), 350 ~390 my, shifts to a longer- 
wave-length region, approximately 400 ~ 430 my. In this region, pteridine has a 
considerable absorption, and even tryptophan in high concentration shows appre- 
ciable absorption. The measured extinction (2) was therefore corrected by sub- 
tracting the extinction (/,) of pteridine and that (/,) of tryptophan or serotonin. 
The molar extinction coefficient of tryptophan was negligibly small compared to 
that of pteridine in the wave-length region used here. It was therefore assumed 


that the concentration of the complex (C) is given by 


EK — (KE, + £;) 


‘és = €p)l 


where e, is the extinction coefficient of the complex; ¢,, that of pteridine; and / is 
the cell path length. As the total concentration (7') of tryptophan (2.5 X 107% ~ 
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6.25 X 10°? M) was much larger than that (P) of pteridine (10~4 M), in the 
formation of the complex P + T2C, 


pm (em e») PKl oe - rig ie K, 

where K is an association constant. 1/{f — (£, + £,)| was plotted against 1/7’ 
using different wave lengths, and these gave straight lines having the same intercept 
on the co-ordinate. This intercept is —K. Table | shows the values of K. In 
the pteridines, with one exception, the two lines for tryptophan and serotonin 
have the same intercept on the abscissa, as may be seen in Table 1. This is not 
true for acridine. This means that the pteridine complexes have the same extinc- 
tion coefficient for both tryptophan and serotonin, but acridine does not. A fur- 
ther difference is that the spectral shift was smaller in acridine than in the pteridines. 


TABLE 1 


TRYPTOPHAN SEROTONIN* 
€c - €p €c €p 

1.6 X 10? (420 my) ) 6 X 10? (420) 
5.2 X 107(430) t o. 7 10? (430) 
6 X 10? (420) : 10? (420) 
1 X 10° (400) < 10° (400) 
.1 & 10? (400) pe 5 10? (400) 
X 10? (400) ‘ 8. 10? (400) 
10° (370) y 103 (370) 


> 


Amethopterin ft 

Aminopterin f 

N-methyl folie acid t 

Folie acid 

N-formy] folic acid f 

9-Methy] folie acid t 

2,4-Diamino- 6,7-dimethylpteridine t 

2-Amino-4-hydroxy-pteridine-6-carboxylic 
acid f 2 

Xanthopterin f 5.0 

Acridine ps 7 


) 
3 


— am IS be 
Taw oro 


5 
2 


x 

X 10° (410) i 2.4 10° (410) 
X 10° (410) é 10° (410) 
X 10? (390) 100 103 (390) 


* The author wishes to thank Vismara Terapeutici, of the California Corporation for Biochemical Research, for 
his generosity in supplying some of the serotonin. 

t The author would like to thank Dr. M. Calvin for samples of aminopterin, N!°-formyl folic acid, and 9-methyl 
folic acid; Dr. R. B. Angier for samples of amethopterin, V"-methyl folic acid, and folinic acid; Dr. G. H. Hitchings 
for a sample of 2.4-diamino-6,7-dimethyl-pteridine; Dr. T. Hama for a sample of 2-amino-4-hydroxy-pteridine-6 
carboxylic acid 


Solutions of bovine serum albumin, a protein containing tryptophan, also were 
observed to complex with pteridines. 

It should be noted that the fluorescence of the pteridine complexes was noticeably 
smaller than that of pteridines themselves. 

Discussion.—Table 1 indicates that two types of complex formation occur. 
In the first type, the pteridines complex with tryptophan and with serotonin, so 
that the complex has the same extinction coefficient regardless of the partner of the 
pteridine. In the second type the complex of acridine has an extinction coefficient 
that does depend on the acridine partner. The first type of complex is similar to the 
riboflavin complexes.” It may therefore be the same type of complex, namely, one in 
which tryptophan or serotonin gives one electron to a pteridine, forming a fre¢ 
radical. On the other hand, the complex of acridine appears to be of a different 
type. It is possible that this complex is the more usual type of charge transfer 
complex analyzed by Mulliken.* An exception to the pteridines is xanthopterin. 
The exceptional behavior of this pteridine may in some way involve the formation 
of the tautomer, keto form at position 6. However, evidence on this point is at 
present lacking. In this connection, it is of interest to note that Bergmann and 
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Kwietny* found that 6-hydroxy-pteridine also demonstrates exceptional behavior 
in certain enzymatic reactions of pteridines. 

It has been suggested that some of the pteridines exist in a free state but that 
others are associated with protein.® © This study suggests that pteridines may 
associate with the tryptophan in proteins. On the other hand, folic acid, which has 
an important role as a growth factor in the biosynthesis of purine nucleotides 
through the transfer of one carbon unit, is known to be enzymatically reduced and 
formylated to produce folinie acid in this process.’ Folie acid antagonists inhibit 
the growth of some microorganisms® and are effective for some kinds of cancer, 
particularly acute leukemias’ and choriocarcinoma.” It has recently been shown 
that folic acid antagonists block the conversion of folie acid to folinie acid by pre- 
venting the reduction of folic acid to tetrahydrofolic acid.!' The substitution of 
an amino group in position 4 and a methyl group in position 10 in folic acid produces 
a compound with an inhibitory activity. Amethopterin is most powerful, amino- 
pterin fairly active, and N-methyl folic acid less active. With the substitution 
of a methyl group at position 9, the inhibitory activity is greatly reduced.'? This 


compound is considered less fitted to compete for the enzyme involved. As may 


be seen in Table 1, antagonistic activity is in parallel with complex formation. 
Folic acid antagonists form complexes with tryptophan more strongly than folic 
acid.’ This seems to suggest that folic acid interacts with the tryptophan of the 
enzyme during reduction. 

In charge-transfer complexes, the ionization potential of the electron donor and 
the electron affinity of the electron acceptor partly determine their respective 
abilities to complex, though other factors, like steric properties, are also important.’ 
Recently, B. Pullman and A. Pullman’ have calculated the energy of the highest 
filled molecular orbital and of the lowest unfilled molecular orbital of a number of 
biologically important compounds. Their calculations indicate that tryptophan 
is a good donor, riboflavin a very good acceptor, and pteridine a fairly good ac- 
ceptor. The experimental results reported here are in good agreement with these 
calculations. Riboflavin has a greater association constant, 60 liters per mole,? for 
tryptophan than the pteridines. 2,4-Diaminopteridine was a better acceptor than 
2-amino-4-hydroxy-pteridine in the series of folie acid derivatives and of simple 
pteridines. 

Folie acid derivatives have a larger association constant than the simpler pteri- 
dines. Spectral study shows that there is an electronic conjugation in folic acid 
between the pteridine nucleus and p-aminobenzoyl groups through the methylene 
bridge which connects them.'* This might be helpful in forming complexes in 
folic acid derivatives. It might be interesting to note that reduced folie acid, 
folinie acid (N*-formyl-5,6,7,8-tetrahydro-folic acid), having just a pyrimidine-like 
nucleus instead of a pteridine nucleus, formed almost no complex. 

The author would like to express his gratitude to Dr. Albert Szent-Gyérgyi for 
encouragement and advice in this work. Also he would like to thank Dr. Irvin 
Isenberg for a number of discussions during the course of this work. 


* This research was sponsored by a grant, No. H-2042 R, of the National Heart Institute; a 
grant from the Commonwealth Fund; the National Science Foundation; American Heart Associ- 
ation; Association for the Aid of Crippled Children; and the United Cerebral Palsy Association. 
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THE ELECTRONIC STRUCTURE OF THE RESPIRATORY COENZYMES 
By BerNArD PULLMAN AND ALBERTE PULLMAN* 


INSTITUTE FOR MUSCLE RESEARCH AT THE MARINE BIOLOGICAL LABORATORY, WOODS HOLE, 
MASSACHUSETTS, AND (PERMANENT ADDRESS) LABORATOIRE DE CHIMIE THEORIQUE, FACULTE DES 
SCIENCES, 34 RUE D’ULM, PARIS 5EBME, FRANCE 


Communicated by Albert Szent-Gyérqyi, December 22, 1958 


Among the most important of the oxidation-reduction enzymes are pyridine 
nucleotide enzymes and flavoproteins. In the first class of these compounds, the 
coenzyme is usually diphosphopyridine nucleotide (DPN) or triphosphopyridine 
nucleotide (TPN). In the second class, the coenzyme is usually a derivative of 
the vitamin riboflavin, either flavin mononucleotide (FMN) or flavin adenine 
dinucleotide (FAD). In the pyridine nucleotides the reversible reduction occurs 
at the nicotinamide residue, in the riboflavin derivatives it occurs at the isoalloxa- 
zine ring. 

The present paper is concerned with the electronic structure, as related to the 
functioning, of the oxidized and reduced forms of these electron (hydrogen) carriers, 
as well as with the structure of the possible intermediate free radicals. The 
following notation and numbering will be used: 


H H 
A CONH: x ACONH: 


N 


R 
DPNH 
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fr! VAN UNH 
PYLY 
) 


FMN FMNH, 


The Method.—The method employed is the L.C.A.O. approximation of the molecular 
orbital method,! with suitable parameters adopted for the coulomb and exchange integrals 
involving heteroatoms. These parameters are, in fact, these which we have been using 
recently in our study of the electronic structure of biologically important purines and pyrimi- 
dines? and in the study of the relation between structure and antitumor activity of purine 
antimetabolites.’ The only new case was that of the quaternary nitrogen of DPN*. Owing 
to its positive charge, this nitrogen was assumed to be highly electronegative, and conse- 
quently its coulomb integral was assumed to be ay+ = a- + 284 (the coulomb integral of 
a pyridine type nitrogen, forming two o and one x type bonds, being ay = a, + 0, 48 and 
that of a pyrole type nitrogen, forming three o bonds, being ay = a, + £8). Moreover, 
because of the great value of ay +, a slightly increased electronegativity was also attributed 
to the carbon atoms ortho to the quaternary nitrogen. Their coulomb integrals have been 
assumed to be ae ortno = a + 0, 38, the increase being of the order of magnitude generally 
admitted for such cases (10-20 per cent). This technical refinement appeared to be of 
appreciable importance. 

DPN* was considered as a system of 10 7 electrons, which in the ground state of the 
molecule occupy the 5 most stable molecular orbitals. DPNH represents also a system of 
10 zw electrons, the reduction being accompanied by a change in the valence state of the 
nuclear nitrogen whose lone pair participates now in the conjugation, to which we may add 
2 pseudo-mobile electrons due to the hyperconjugation of the CH». group. This makes a 
total of 12 electrons, which are distributed in the ground state of the molecule on the 6 
most stable orbitals. 

Riboflavin represents a system of 18 conjugated z electrons, to which we may add 4 mobile 
electrons due to the hyperconjugation of the two CH; groups. This makes a total of 22 2 
electrons, which are distributed, in the ground state of the molecule on the 11 most stable 
molecular orbitals. Leucoriboflavin represents, in the same approximation, a system of 24 
x electrons, which are distributed on the 12 lowest molecular orbitals. In each case, although 
the number of conjugated x electrons increases on reduction, the resonance energy of the 
system decreases: it is equal to 2.477 8 in DPN*, to 1.709 8 in DPNH, to 5.602 8 in FMN, 
and to 5.288 6 in FMNHk,, 8 being the usual exchange integral of the molecular orbital 
method, whose approximate value is 20 Keal/mole. 


The Energy Levels —We have discussed in a recent publication® the electron 
donor and acceptor properties of different groups of biologically important conju- 


gated molecules: purines, pyrimidines, pteridines, aromatic aminoacids, ete. 


We have shown that these properties are related to the energies, respectively, 
of the highest occupied and lowest empty molecular orbital of the m electrons. 
It can now be shown that the oxidation-reduction mechanism of the respiratory co- 
enzymes may also be related to the energies of these two essential molecular orbitals. 
These energies are reproduced in Tables 1 and 2, respectively, for the couples 


DPN+t-DPNH and FMN-FMNHg». It can be observed that both in DPN+ and 
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TABLE 1 

ENERGIES OF MOLECULAR ORBITALS 

DPNH DPN* 

Empty Orbitals 
—2.068 
—1.548 
—Q.778 
0.356 


DPN 
—2.410 1.032 
—1.861 1.162 
—1.259 1.503 
—0.915 2.855 

2.998 


TABLE 2 
ENERGIES OF MOLECULAR ORBITALS 


FMNH FMN 
Empty Orbitals 


-2.480 


FMN 


496 
788 


DPNH 
Filled Orbitals 
0.298 
1.000 
1.037 
1. 880 
2.289 
2.940 


FMNHe: 

Filled Orbitals 
—0.105 
683 


Proc. N. A. S. 


2.457 
—2.294 
—2. 296 
—1.949 
—1.769 
— 1.293 
—1. O88 
—(0. 979 


—2.368 
2.196 
991 
838 
352 
142 
01 
—().34 


Ie ee OS 


O48 828 
O78 
508 
701 
009 

73 
465 
847 
209 


9 
» 
2 
” 


WANNNNHK— —— OCS 


~dNbdorder 


in FMN the lowest empty orbital is a relatively low-lying one (energy coefficient 
K 0.4), a result which signifies that these molecules must possess a very strong 
electroaffinity. Consequently, these oxidized forms of the coenzymes will be 
excellent electron acceptors. Their highest filled molecular orbital is also a rather 
low-lying one (especially that of DPN+), which means that these molecules will 


y 


a 


be rather poor electron donors. 

A complete reversal of this distribution of the energies of the preceding two orbitals 
is observed in the reduced forms of the two coenzymes. Their lowest empty orbitals 
are raised appreciably (|K| > 0.7), which signifies the disappearance of their electron- 
acceptor properties. On the other hand, the reduction is accompanied by a strong 
elevation of the highest filled molecular orbital (K < 0.3), a phenomenon which 
confers on the molecules a great electron-donor power. 

Thus we observe that in both couples, FMN-FM NH, and DPN+-DPNH, the oxido- 
reduction is accompanied by an instantaneous redistribution of the energies of the 
molecular orbitals and, in particular, of those of the lowest empty and the highest 
filled orbitals in such a way that in each case a particularly low-lying empty orbital 
is associated with the oxidized form and a particularly high-lying filled orbital is asso- 
ciated with the reduced form. The oxidized form will thus have a natural tendency 
to accept electrons and the reduced form to give them up. 

Moreover, this natural oscillation process finds a complementary driving force 
in a very particular property which is associated with FMNH:. This molecule 
seems to possess a very unusual characteristic, which has not yet been observed 
in another compound, namely, that its highest filled molecular orbital is an antibonding 
one (K —().105), the sign of its energy coefficient being that generally associated 
with orbitals which may be occupied only in the excited state of molecules. This 
signifies that the occupation of this orbital in the ground state of the molecule 
represents a fundamentally unstable arrangement and that FMNH, will thus have 
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a particularly strong natural tendency to expel the electrons located at that orbital. 
This particular result thus accounts not only for the outstanding electron-donor 
properties of this substance but also for its autoxidability. (In the nonautoxidable 
DPNH, the highest filled orbital is still a bonding one, and its reoxidation necessi- 
tates a system with a higher potential, in fact, a flavoprotein. It seems probable 
that this last reaction is accomplished by way of formation of a charge-transfer 
complex with the two coenzymes lying in parallel planes)®. 

This characteristic of instability, associated with one of the elements of the chain 
of oxidation-reduction, may aid the continuity and the rapidity of this oscillation. 
It is perhaps a means of solving, in a specific way, the problem of activation energies 
in biochemical reactions. 

Klectronic Structure—The study of the electron distribution in the respiratory 
coenzymes is of interest in connection with the chemical aspects of the reduction. 
Of particular importance in this field is the study of the distribution of electrical 
charges in DPN*+ because of problems about the structure of DPNH. Thus, 
contrary to the original propositions of Karrer and his colleagues,” who advocated 
that the enzymic reduction of DPN+ occurs ortho to N+ (at carbons 2 or 6), it has 
been shown recently, in particular by a team of workers at the MeCollum-Pratt 
Institute in Baltimore,’ that the reduction occurs, in fact, para to N* (at carbon 4). 
The chemical reduction by sodium dithionite, which yields enzymatically active 
DPNH, has also been shown to occur at carbon 4.2 The study of the mechanism 
of this reduction indicates that it does not proceed through a free-radical inter- 
mediate but rather through a sulfoxylate addition compound, which undergoes 


hydrolytic cleavage :"" 
H SO, 1 H 
CONH, /CONH, CONH, 
7 


+ HOSO- 2 +S0O,H- 


*N 
R t 


The high reactivity of the nicotinamide moiety of DPN* toward additions of other 
negative ions, cyanide and hydroxyl, has also been established, the addition oceur- 
ring at the 4 position.'' Thus it seems highly probable that reagents which proceed 
by an tonic reduction mechanism attack the nicotinamide residue at the para position. 

On the other hand, it has been observed that when DPN * is reduced by a reaction 
which involves free radicals, as, for instance, by y- or X-irradiation under suitable 
conditions, then a product is formed with properties different from those obtained 
on enzymatic or dithionite reduction, although it can be shown to be a dihydro- 
derivative of DPN*."% It has been tentatively suggested that this compound 
should correspond to the reduction of DPN+ at the carbon atoms ortho to the 
quaternary nitrogen. This same type of product is obtained by electrolytic re- 
duction of DPN + and related derivatives, which proceeds by a one-electron transfer 
mechanism. Thus it seems highly probable that reagents which utilize a free-radical 
intermediate attack the nicotinamide residue at the ortho positions. 
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The significance of these experimental findings becomes clear when they are 
studied in the light of our theoretical results. Thus the diagram of the distribution 
of electrical charges in DPN * indicates that the most positive carbon of the pyridine 
nucleus (the carbon whose charge is the smallest) is carbon 4 (Fig. 1); this suggests 
very strongly that it is this carbon which should be attacked preferentially by 
negative ions. As to the reactivity toward free radicals, which is not governed 
by the distribution of electrical charges, an important indication about its probable 
orientation may be obtained from the values of the free valences of the carbon 
atoms:'* the greater the free valence, the greater, most probably, the reactivity 
of the carbon toward free radicals. The values of the free valences for the carbons 
of DPN*+ are: 0.501 for carbon 2; 0.470 for carbon 4; 0.391 for carbon 5; and 
0.494 for carbon 6. The greatest free valences correspond to the ortho carbons, 
which should thus be preferentially attacked by free radicals. 


9 ooo 


*NO18) 
R 
Fic. 2.—The distribution of 
the odd electron in DPN* free 
radical. 


1,653 % 
Nt 
R | 
Fig. 1.—Eleectrical charges in R 
DPN * and DPNH Fic. 3.—The free valences of 
the nuclear carbons of the DPN 
free radical. 

As matter of fact, a free-radical mechanism of attack on DPN*+ supposes an 
intermediate formation of a DPN* free radical obtained by the addition of one 
electron to DPN.*+ This odd electron will not be localized on any particular atom 
but will be spread over the whole molecular periphery. Its distribution is shown 
on Figure 2. The total distribution of electrical charges in the intermediate free 
radical may be obtained by summing up those of Figures | and 2. The distribution 
of free valence on the nuclear carbons of the intermediate radical is shown in 
Figure 3. The greatest free valences are again those of the ortho-carbons, which 
should thus be the reactive centers toward an attack by a free radical or a reduction 
by an H atom. Moreover, such a reduction (electrolytic) may involve the addition 
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of a second electron to the intermediate free radical, followed by the fixation of a 
proton. The distribution of electrical charges in the intermediate entity formed 
by DPN* + 2e is given in Figure 4, the distribution of free valence in Figure 5. 
It is observed that the most negative carbon on Figure 5 is carbon 4, which at 


° 1,405 1°) 


tN 


| 


R 
Fic. 4.—The distribution of Fia. 5.—The free valences of 
electrical charges in (DPN* + the nuclear carbons in (DPN + + 


2e J. 2 } 


first sight may thus be expected to be preferentially attacked by a proton. How- 
ever, it may be guessed easily that such should not be the case. The free valence 
of carbon 4 is much smaller than that of the ortho-carbons, and, although the 
free valence does not measure directly the ability of carbons to undergo ionic at- 
tacks, it is generally a good measure of the relative polarizability of carbons by 
approaching agents, so that it may be predicted that the polarizability of the 
ortho-carbons by approaching positive ions will probably be greater than that 
of the para-carbon. Such an effect would determine the orientation of the fixation 
of the proton. 

The hypothesis may be checked by the calculation of the appropriate localization 
energies, quantities which measure the relative values of the activation energies 
of different types of reactions which may occur at a conjugated system.'"® Being 
a characteristic of the reacting molecule, these localization energies are funda- 
mentally better indexes for the interpretation of chemical reactivity than those 
which, like electrical charges and free valences, are characteristic of isolated 
molecules (although there is sometimes an important interrelation between the 


TABLE 3 
LOCALIZATION ENERGIES IN DPN* 


Electrophylic Nucleophilic Radical 
Localization Localization Localization 
Carbon Energies Energies Energies 
2 (ortho) 2.466 2.028 2.247 
+ (para) 3.080 1. 876 2.478 
5 2.786 2.376 2.581 


6 (ortho) 2.464 2.044 2.254 


TABLE 4 
LOCALIZATION ENERGIES IN (DPN? + e) 


Electrophylic Nucleophilic Radical 
Localization Localization Localization 
Carbon Energies Energies Energies 
1.592 2.248 1.373 
2.123 2.296 1.521 
2.226 2.392 2.021 
1.599 2.308 1.389 
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The significance of these experimental findings becomes clear when they are 
studied in the light of our theoretical results. Thus the diagram of the distribution 
of electrical charges in DPN * indicates that the most positive carbon of the pyridine 
nucleus (the carbon whose charge is the smallest) is carbon 4 (Fig. 1); this suggests 
very strongly that it is this carbon which should be attacked preferentially by 
negative ions. As to the reactivity toward free radicals, which is not governed 
by the distribution of electrical charges, an important indication about its probable 
orientation may be obtained from the values of the free valences of the carbon 
atoms:'' the greater the free valence, the greater, most probably, the reactivity 
of the carbon toward free radicals. The values of the free valences for the carbons 
of DPN* are: 0.501 for carbon 2; 0.470 for carbon 4; 0.391 for carbon 5; and 
0.494 for carbon 6. The greatest free valences correspond to the ortho carbons, 
which should thus be preferentially attacked by free radicals. 


9 oo01 


*NOI8) 


R 
Fic. 2.—The distribution of 
the odd electron in DPN* free 
radical. 


° 


(653 % 
| Nt 
R | 
Fig. 1.—Electrical charges in 
DPN * and DPNH Fic. 3.—The free valences of 
the nuclear carbons of the DPN 
free radical. 

As matter of fact, a free-radical mechanism of attack on DPN*+ supposes an 
intermediate formation of a DPN* free radical obtained by the addition of one 
electron to DPN.*+ This odd electron will not be localized on any particular atom 
but will be spread over the whole molecular periphery. Its distribution is shown 
on Figure 2. The total distribution of electrical charges in the intermediate free 
radical may be obtained by summing up those of Figures 1 and 2. The distribution 
of free valence on the nuclear carbons of the intermediate radical is shown in 
Figure 3. The greatest free valences are again those of the ortho-carbons, which 
should thus be the reactive centers toward an attack by a free radical or a reduction 


by an H atom. Moreover, such a reduction (electrolytic) may involve the addition 
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of a second electron to the intermediate free radical, followed by the fixation of a 
proton. The distribution of electrical charges in the intermediate entity formed 
by DPN* + 2e is given in Figure 4, the distribution of free valence in Figure 5. 
It is observed that the most negative carbon on Figure 5 is carbon 4, which at 


a 1,405 1°] 


tN 


| 


R 
Fic. 4.—The distribution of Fig. 5.—The free valences of 
electrical charges in (DPN* + the nuclear carbons in (DPN * 4+ 
2 2e } 
first sight may thus be expected to be preferentially attacked by a proton. How- 
ever, it may be guessed easily that such should not be the case. The free valence 
of carbon 4 is much smaller than that of the ortho-carbons, and, although the 


free valence does not measure directly the ability of carbons to undergo ionic at- 


tacks, it is generally a good measure of the relative polarizability of carbons by 
approaching agents, so that it may be predicted that the polarizability of the 
ortho-carbons by approaching positive ions will probably be greater than that 
of the para-carbon. Such an effect would determine the orientation of the fixation 
of the proton. 

The hypothesis may be checked by the calculation of the appropriate localization 
energies, quantities which measure the relative values of the activation energies 
of different types of reactions which may occur at a conjugated system.'® Being 
a characteristic of the reacting molecule, these localization energies are funda- 
mentally better indexes for the interpretation of chemical reactivity than those 
which, like electrical charges and free valences, are characteristic of isolated 
molecules (although there is sometimes an important interrelation between the 


TABLE 3 
LOCALIZATION ENERGIES IN DPN * 
Electrophylic Nucleophilic Radical 


Localization Localization Localization 
Carbon Energies Energies Energies 
2 (ortho) 2.466 2.028 
4 (para) 3.080 1.876 
5 2.786 2.376 
6 (ortho) 2.464 2.044 


TABLE 4 
LOCALIZATION ENERGIES IN (DPN* + e) 


Electrophylic Nucleophilic Radical 
Localization Localization Localization 
Carbon Energies Energies Energies 
1.592 2.248 1.373 
2.123 2.296 1.521 
2.226 2.392 2.021 
1.599 2.308 1.389 





BIOCHEMISTRY: PULLMAN AND PULLMAN 


TABLE 5 
LOCALIZATION ENERGIES IN (DPN* + 2e) 


Electrophylie Nucleophilic Radical 
Localization 1 ocalization Localization 
Carbon Energies Energies Energies 
0.718 2.468 
1.166 2.716 
1. 666 2.408 


0.734 2.5.3 


two tynes of indices). For this reason, we have calculated these dynamic indexes 


for all the -ases considered here. Tables 3, 4, and 5 indicate the localization energies 
(in 8B units) for nucleophilic (negative ions), electrophilic (positive ions), and radical 
attacks on DPN+, DPN*+ + e and DPN* + 2e. Since these localization energies 
represent activation energies, the reactivity is the greater, the smaller the corre- 
sponding localization energy. 

The results show among others that: 

|. In DPN* the reactive center toward nucleophilic attack should be carbon 4, 
while the reactive center toward radical attacks should be carbons 2 and 6. 

2. In the intermediate radical, DPN+ + e, the reactive center toward free- 
radical attack should be carbons 2 and 6. 

3. In the radical-ion, DPN*+ + 2e, the reactive center toward electrophilic 
attacks should be carbons 2 and 6. 

These results give a complete account of all the essential experimental facts 
about the reduction of DPN*. 

Finally it may be noted that in Figure 2 the greatest concentration of the lone 
electron in DPN* free radical occurs at carbon 4. This fact may perhaps play a 
part in the course of some particular reactions, such as dimerizations, which seem 
to occur at this position. 


Table 6 and Figure 6 reproduce the energies of the molecular orbitals and the distribution 
of electrical charges in the two ortho reduction products of DPN+. The knowledge of these 
data may be useful for the experimental characterization of these compounds. 


0 1,422 


Kia. 6.— Electrical charges in the ortho-DDPNH 


TABLE 6 
ENERGIES OF MOLECULAR ORBITALS 
Ortho (2)-DPNH Ortho (6)-DPNH Ortho (2)-DPNH Ortho (6)-DPNH 
Empty Orbitals Filled Orbitals 
—2.349 
—2.019 
-1.354 


0 262 
l 
l 
—0.777 l 
2 
2 


032 
280 
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The distribution of the mobile electrons has also been evaluated in FMN, 
FMN Hb, and the intermediate free radical, which has been observed experimentally 
(Figs. 7 and 8). It may be interesting to stress the following details of these 


distributions: 
(a) In FMN, nitrogen 4 of the lateral ring is much more negative (charge 
exceeding unity) than nitrogen 10 of the central ring. 


Zz 
~ 


rn, 
& 


Fic. 8.—The distribution of the odd electron in the riboflavin free radical 


(b) On the contrary, the R-bearing nitrogen 9 of the central ring of FMN is 
much more positive (charge less than 2) than the hydrogen-bearing nitrogen 2 of 
the lateral ring. 

(c) In FMNHhb, the positive charge of the four nitrogens is of a similar order 
of magnitude, the most positive being nitrogen 4. 

(d) In the free radical, although the greatest local concentration of the free 
electron is on nitrogen 10, this electron cannot be considered as being located, 
entirely, as it is sometimes supposed, in the N-C-C-N region. It is spread over 
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the whole molecular periphery. (The total electronic distribution in the free 
radical may be obtained by adding the distribution of the odd electron to that 
of FMN.) 


* This research was sponsored by the grant CY 3073 of the National Cancer Institute. 

This work was carried out while the authors were visiting scientists at the Institute for Muscle 
Research at; Woods Hole. The authors wish to thank Drs. Szent-Gyérgyi and Isenberg for 
useful discussions; Dr. Karreman for the communication of unpublished data on riboflavin and 
the permission to reproduce them; and Dr. Berthier for valuable advice. 
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ON THE SIZE OF GENETIC DETERMINANTS IN PNEUMOCOCCUS 
AND THE NATURE OF THE VARIABLES INVOLVED 
IN TRANSFORM ATION* 
By BarBaRA H. ROSENBERG, FRANCIS M. SrroTnak, AND LIEBE F. CAVALIERI 


LABORATORIES OF THE SLOAN-KETTERING DIVISION, CORNELL UNIVERSITY MEDICAL COLLEGE 
NEW YORK 


Communicated by W. Albert Noyes, Jr., December 18, 1958 


INTRODUCTION 


The process of bacterial transformation is a complex one involving many steps, 
some of which are still obscure. Whenever any property of the transforming DNA 
is altered, each step can be expected to respond in a characteristic way. Thus, in 
the absence of a quantitative formulation of the variables involved, it has been 
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impossible to interpret unambiguously physical studies of transforming DNA with 
respect to their biological implications. The recent derivation! of such equa- 
tions, however, permits the design of experiments which give more specific informa- 
tion. We present here simultaneous absorption and transformation measurements 
using quadruply marked pneumococcal DNA degraded by mechanical shear,* * 
a method which produces only double-chain scissions. From these data we have 
been able to obtain information concerning the molecular-weight dependence of 
variables involved in DNA adsorption, absorption and incorporation into the 
genome, the size of genetic determinants (markers), and the pneumococcal surface. 
The term ‘‘marker’’ is used herein to designate the (minimum) segment of DNA 
that must be incorporated into the genome in order to effect transformation to the 
new genotype. Markers do not, therefore, necessarily constitute the entire geneti- 
cally functional unit or gene, an absolute estimate of whose size might be obtained 
from experiments with linked markers. 


METHODS AND MATERIALS 


DNA.—-DNA was prepared from a rough strain of Diplococcus pneumoniae, 
designated R6,‘ which had been transformed to sulfanilamide (50 ug/ml), strepto- 
mycin, micrococein, and erythromyein (0.25 ug/ml) resistance. After lysis with 
deoxycholate in 0.1 WM citrate-0.15 WM NaCl, preparations were deproteinized in 
one of three ways: with chloroform-octanol (Sevag), with duponol,® or with satu- 
rated NaBr.6 Mutually consistent results were obtained using DNA prepared in 
all three ways. Most of the measurements reported here were performed with a 
single Sevag preparation. 

DNA labeled with P*? was prepared by growing the same quadruply marked 
strain in a tryptose-glucose medium to which radioactive phosphate had been 
added after removal of nonlabeled phosphate.’ The specifie activity of the final 
product was 12 we/meg. 

Degradation..-A spray procedure® was used to degrade the DNA by means of 
mechanical shear. This method produces decreases in molecular weight by means 
of double-chain scissions; no structural changes (denaturation) can be detected.* 
Variation in the shear rate produced samples of different average molecular weights. 
experimental details are presented elsewhere. * 

Physical Measurements.-Sedimentation of each sample was carried out at a 
concentration of 0.03 mg/ml in 0.2 M salt, in a Spinco Model E Ultracentrifuge 


equipped with ultraviolet optics, and sedimentation distributions were calculated. 


An empirical relationship between the sedimentation constant at the peak and the 
molecular weight obtained from light scattering has been developed,* enabling the 
conversion of sedimentation to molecular-weight distributions. These distribu- 
tions become narrower as the molecular weight decreases. _Number-average molec- 
ular weights were calculated from the molecular-weight distributions. Weight- 
average weights, similarly calculated, agreed with those obtained from light- 
scattering measurements. The latter were carried out in a Brice-Phoenix light- 
scattering photometer using a conical cell. A discussion of the interpretation of 
light-scattering results, together with experimental details and a more extensive 
presentation of the physical properties of sheared DNA will be found elsewhere.* 
Transforming Activity Assays.—Frozen sensitized cultures’ of D. pneumoniae 
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R6 were employed as recipients for transformation, following the general procedure 
of Hotchkiss.° After exposure to DNA at 30° C. in supplemented casein-hydroly- 
sate medium, the cells were incubated with DNase at 37° until maximum expression 
of the new character had occurred. Extreme care was exercised in making dilutions 
for scoring: high-precision pipettes were used, the tips were freed from adhering 
solution before delivery, and, in all but one step, all samples were diluted identi- 
cally, Concentrations were adjusted so that ordinarily from 10 to 50 colonies were 
counted in each tube. DNA concentration-activity curves were obtained over a 
thousand-fold range for samples of several different molecular weights. Ordinarily, 
assays were performed at the plateau (excess DNA), using three concentrations as a 
check; each concentration was scored in triplicate. Each assay was repeated inde- 
pendently from one to five times, or until the majority of the results agreed within a 
narrow range; widely differing values occurred infrequently and were discarded, 
The average values used were thus accurate to +10 per cent or, in most cases, con- 
siderably better. The number of cells transformed ranged from about 15 per cent 
for streptomycin resistance to about 0.2 per cent for erythromycin resistance. 

Absorption Measurements..-A procedure identical with that used for transforma- 
tion assays, up to the point of DNase addition, was followed. Then 0.5 mg. of 
DNase (solution containing MgCl.) was added to each tube, followed by incubation 
at 37° C. for 25 minutes. Thereafter the temperature was maintained near 0° C., 
and the bacteria were washed with cold medium until no more radioactivity could 
be removed (esssentially the same procedure as that used by Lerman and Tolmach’). 
The pellet of bacteria was then counted in an end-window Geiger-Miiller counter. 
The counting precision was 3 per cent. 

RESULTS 
I. The number of transformed bacteria obtained in a quantitative assay of 


DNA transforming ability is given by! 
Number of transformants = Nov,;,t 


Nt3([BolakmK (DX); t[Bolak,K,(D|M, es | 
~ (1) 


L+ Sie), + EOD. 3 38=—- ¥ + Eas (D1 OU 


where v,, is the (molar) rate of initiation of transformation,’ and is constant 
under the conditions used; Nis Avogadro’s number; ¢ is time; the subscript 7 
denotes a particular molecular-weight species; [Bo] is the total concentration 
of (effective) bacterial sites; @ is the probability that a marker in an 
absorbed DNA molecule will be incorporated into (or interact with) the genome; 
i, is the absorption rate constant for DNA molecules containing the marker 
of interest; A, is the inverse Michaelis constant for marked DNA molecules: 
K,,+, is the inverse Michaelis constant for all the (marked + competitor) DNA 
molecules (both A’s may be regarded as binding constants'); bars denote number 
averages; |D]| is the (molar) concentration of unbound DNA; M,, is the number- 
average molecular weight of the DNA; X is the mole fraction of marked molecules; 


NX M,, is the number of markers per gram of DNA. In most cases it is this last 


quantity which is of interest. The quantities [Bolak,,A,, and K,,+, are number 
averages, since DNA is polydisperse and each variable may be a function of molecu- 


lar weight. 
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When bacterial sites are in excess (on the linear part of the transformants versus 
DNA curve), equation (1) reduces to 


. NX 
(No. trans.)rinear © My [Bolam&m (D] (4 ). 


When DNA is in excess (on plateau of the curve), 


M,|BolakmKm [NX 
(No. trans.) piateau RK vi) (3) 
\m+e LUE y 


If one DNA molecule, regardless of molecular weight, is bound by one bacterial 
site (hereafter called ‘‘molecular binding’’), [Bo| is constant and may be omitted 
from equations (2) and (3). If, on the other hand, a single DNA molecule requires 
a variable number of bacterial binding sites (e.g., equal to the number of nucleotide 
pairs or some other unit group comprising the molecule) (hereafter called ‘unit 
binding’’), [Bo], which is defined as the concentration of molecular binding sites, 
is a function of the molecular weight of the DNA. Then 

[So] [Si] 

[Bo]: = ee 

n M, OM 
where [Bo]; is the total concentration of molecular binding sites for DNA molecules 
of molecular weight .17;; [So] is the total concentration of wnzt binding sites and is 
therefore constant; n; is the number of binding units in the 7th molecules; V7; is the 
molecular weight of the 7th molecules. In this case, the quantity [Bolak,,AK,, in 
equations (2) and (3) may be replaced by ak,,K,/.M. 

We have derived an equation (see Appendix) which expresses the molecular- 
weight dependence of the number of markers in unit weight of DNA (VX/.M,). 
As the molecular weight decreases, markers are destroyed by cleavage, and the 


fraction of the markers remaining intact is 


eS) aes [ae ; ay 1 i, : 
M, wh (2-7 +Clk” (mw wee 


Here (NX M,,)o is the number of markers per unit weight of original, undegraded 
material; W is the “molecular” weight of a marker; 17» is the original number- 
average molecular weight of the DNA; G is the weight of a nucleotide pair. Since 
these are all constants, we may write!! 

NX a 

M, M, 


+- bh, 


where a and b are constants which can be defined in terms of the marker weight, 
or size. Expression (5) ean be substituted in equation (2) or (3), giving, for the 
plateau situation, 

No. trans. « bZM, + aZ, (6) 


where 


[Bo lakinK » 
K mre 
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If Z is independent of molecular weight, a plot of the number of transformants (or 
the per cent transforming activity) versus 7, will be linear, and the marker size 
can be calculated from either the slope or the intercept. 

DNA obtained from quadruply marked pneumococeal cells was progressively 
degraded by mechanical shear to yield a series of samples differing in molecular 
weight. The relative transforming activity (relative number of transformants ob- 
tained under standard conditions) of this material with respect to sulfanilamide, 
streptomycin, micrococcin, and erythromycin resistance is plotted against 7, 
in Figures | and 2. Each point is the average of from two to six separate deter- 
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RELATIVE TRANSFORMING ACTIVITY 
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wo sig Fig. 2.—Micrococcin- and erythomycin- 
resistance transforming activity as a func- 
tion of the number-average molecular 
weight of the DNA. The curve for relative 
weight of DNA absorbed versus MM, is 
superimposed on the same scale for com- 
parison. 
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Fig. 1.—Sulfanilamide-and streptomycin- 
resistance transforming activity as a func- 
tion of the number-average molecular 
weight of the DNA. 


minations and is accurate to +10 per cent or better. All determinations were 
carried out in the plateau region of excess DNA. The curves for the four markers 
clearly differ, and these differences are significant because all data were obtained 
with the same DNA preparation. However, all the markers show a sharp initial 
drop, followed by a leveling to constant activity at lower molecular weights. To 
gain insight into the molecular-weight dependence of the activity, the latter was 
plotted against 1/./7,. In this ease, too, nonlinear curves of the same general shape 
were obtained. lor the case of unit binding, it has been shown above that [Bo| 
© 1/M. Equation (6) then becomes approximately: No. trans. « bZ + aZ/M,, 
where Z no longer contains [By]. Because of the observed curvature of activity 
versus both M, and 1/./,, Z, in equation (6), apparently depends on molecular 
weight, and this dependence cannot be attributed to [Bo] alone. 
Il. The weight of DNA irreversibly’ absorbed by bacteria is expressed by! 
Weight absorbed tM abs; M abs Vabet 
tZ(M[Bolkm+cKm+clD]): t M[BolkmicKm+e [(D] ... 


+ 3K), 1+ Kin. [D] = 
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where vaps is the (molar) rate of absorption; M,1s is the number-average molecular 
weight of the absorbed DNA; kn+,- is the absorption rate constant; and all other 
svmbols were defined previously. In the region of linear concentration response, 
this equation reduces to 

(Wt. abs.)tinear © M[BolkmnieKm+e [D]; (8) 
in the plateau region, 
M [Bo] Km+e Km+ 


(9) 
Ante 


(Wt. abs.) piateau © 
In these equations, M [Bo|kinze Km+e becomes MknycKim+c OF kintcK m+e, depending 
on whether the bacterial sites bind DNA on a molecular or unit basis, as discussed 
above. In the latter case, it can be seen that if k,,,, and K,,4, are constant, the 
weight absorbed will be independent of the molecular weight of the DNA (curve 
A, Fig. 3); in the former case, under the 
same conditions, a sloping, linear plot of 
weight absorbed versus V7, will be obtained 
(curve B, Fig. 3). 

We have measured the absorption by 
pneumococci of P*-labeled pneumococcal 
DNA, containing the same four markers 
and degraded as described above, under 
the conditions used for assay of transform- 
ing activity. Activity determinations on 
this material gave essentially the same 





RELATIVE ABSORPTION (BY WEIGHT) 


results as were obtained with unlabeled 
DNA. The absorption results, obtained 
in the plateau region, are presented in 

Figure 3, curve C. This nonlinear curve ym 20 25 
““¢ . . 1107 

differs from both A and B, showing that 

k,.. and/or K,.- are dependent on molec- Fic 3. Curves A and B: theoretical 
‘iki : pista I : curves discussed in the text. Curve C: 

ular weight. The absorption curve bears _ relative weight of DNA absorbed by pneu- 
mococci, as a function of the number-average 

molecular weight of the DNA 





a striking resemblance to the activity 
curves in its initial drop and subsequent 
leveling, but they are not superimposable, as can be seen in Figure 2. 

III. Inhibition experiments! have previously indicated that the binding con- 
stant of DNA to pneumococci decreases with the molecular weight of the DNA. 
A more detailed investigation of the relationship is presented here. The trans- 
forming activities of three DNA samples (V/, = 2.5, 2.2, and 1.0 X 10%) were 
assayed at a series of DNA concentrations, and the reciprocal numbers of trans- 
formants obtained were plotted against the reciprocal DNA concentrations (for 
cases where the relative amount of DNA bound was negligible). It can be seen 


from equation (1) that division of the intercept by the slope of each curve gives 


Kin+e The values obtained were approximately 8500, 2500, and 2500 1/mol for 
M, = 2.5, 2.2, and 1.0 X 10®, respectively. Thus the molar binding constant 


appears to have a molecular weight dependence similar to that of absorption (Fig. 


3, C), with constancy in the same region. 
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DISCUSSION 


As the molecular weight drops, an initial, sharp decrease in both the weight and 
the number of moles of DNA absorbed at the plateau by pneumococci has been 
observed (Fig. 3, C), followed by an abrupt, perhaps discontinuous, change in be- 
havior at VW, = 2.2 * 10° The same appears to be true of the binding constant 
(K,n.4.). These observations can be interpreted most simply in terms of two types 
of sites on the bacterial surface, one of which (/) is capable of absorbing only rela- 
tively high-molecular-weight DNA. Since the absorption measurements were 
made under conditions in which the bacterial sites are saturated, the absorption 
rate constant (4,4) (rather than the binding constant) must be responsible for 
the sharp drop and must therefore decrease to zero in the vicinity of VW, = 2.2 x 
10°. 

If there are, in fact, two types of DNA absorption sites on the surfaces of com- 


petent pneumococeal cells, equation (1) becomes the sum of two terms, 


ahh eal an aT Se a > 
No. trans. t — = : D M, 10) 
oe i+ kag Ol Te See el 


M) 


the first of which equals zero when M, < 2.2 X 108 Thus the plots of 1/no. trans. 
versus | /[D]|, mentioned above, yield K m+e) ,, fOr the lower-molecular-weight DNA 
samples, while the value of “A,,,.’’ obtained for M,, = 2.5 X 108 is not really a 
binding constant at all. The decrease in this apparent binding constant between 
M, = 2.5 ¥* 10®and M, = 2.2 X 10° is therefore indicative only of some change 
in absorption behavior. 

A comparison of equations (3) and (9) (let us consider these for the moment as 
describing the site | component), for transformation and absorption at the plateau, 
shows that a sharp initial drop in absorption will be reflected as a drop in transforma- 
tion, although the decrease need not be parallel; in addition to possible decreases in 
a and NX/M,, which affect only the transformation measurement, we can con- 
clude from the fact that /,,,. (and possibly K,,4,) decrease with molecular weight 
that /,, and possibly XK, also decrease (since marked molecules [m] are included in 
the total ensemble [m + ce] and differ from it, with respect to absorption, only in 
that they may have a higher average molecular weight). Their rates of decrease 
need not be the same, however. Furthermore, even if kyKm = Kmnie Kmiec, as will 
be true if there is no marker destruction, the initial slopes of the transformation 
and absorption curves will differ if (a) 17, and Mays'2 decrease at different rates or 
(b) wis not constant. Thus a large part, although not necessarily all, of the observed 
loss in transforming activity can be attributed to decreased absorption of DNA. 

The shapes of the absorption and transformation curves are, of course, dependent 
on the polydispersity of each sample of DNA. It shouldbe noted that the steep- 
ness of descent and suddenness of inflection in these curves results in part from the 
type of degradation employed, 1.e., nonrandom cutting of the larger molecules, 
which leads to progressive narrowing of the molecular-weight distribution as 7, 
decreases. Random degradation would undoubtedly have produced more gradual 
curvature. 

We shall now consider the molecular-weight range where both absorption and 
transformation are constant for all markers. In this range, only type IT sites can 
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absorb DNA, and equation (10) reduces to equation (1); therefore, all constants 
here are those for type II sites. Since the (plateau) absorption (eq. [9]) is constant, 


Rare « M[Bolk inte) Kate, (11) 


and therefore V,[Bolitinso; is constant. Thus [Bo]; Konic; © 1/M;.'*% Analo- 
gously, a similar relation holds true when only marked molecules are considered: 
[Bo|, km; © 1/M~»,;. Substituting this in equation (3) for plateau transformation, 
substituting a constant for the number of transformants, and rearranging gives 
NX 1 Ry, 
x 
M,, M, a K,/Mm 


where .V/,, is the molecular weight of marked DNA molecules only. 
It has already been shown that the binding constant does not change in this 


region; therefore, Am; = K (mics = Kite, and 


NX l l 
Pe (12) 


M. M,a/M. 


The number of markers per unit weight of DNA, VY /.1/,, may decrease or re- 
main constant, but it cannot increase during degradation. It can be shown, how- 
ever, that the right side of equation (12) can only increase or remain essentially 
constant.'* Therefore, both sides of equation (12) must be essentially constant 
in the range of constant absorption and transformation. But, since equation (5) 
predicts that VX /., is a linear function of 1/.7,, constancy in any molecular- 
weight range necessitates constancy throughout. Thus the number of sulfanil- 
amide, streptomycin, micrococcin, and erythromycin markers per gram of DNA 
is essentially unchanged by degradation, and the weight of a marker (W, in eq. [4]) 
must therefore be small—possibly of the order of several nucleotide pairs. 

It can be shown that @ must also be constant in this low-molecular-weight range." 
There is no reason to suppose, however, that the dependence of a on molecular 
weight must be linear or must be the same for all markers. (%: the contrary, the 
lack of congruity between the transforming activity curves for four different 
markers (Figs. 1 and 2) having the same size (within experimental error) and ab- 
sorbability can be attributed only to a differing functional dependency of @ on 
molecular weight for each marker. Thus @ must, in general, decrease at first and 
then level off during degradation; but, since each marker has to interact with a 
different part of the genome, it is not surprising that @ for each behaves somewhat 
differently with respect to changes in molecular weight. Since @ may also vary 
with the intramolecular position of the marker, it must be considered an average 
even when it corresponds to a fixed molecular weight. 

CONCLUSIONS 

The four pneumococcal markers investigated here have been found to be very 
small. It is appropriate, at this point, to inquire into the physical significance of 
the genetic determinant or marker, defined here as the minimum segment of DNA 
that must be incorporated into the genome in order to effect transformation to the 
new genotype. Thus the marker must consist of a sequence of nucleotides, the 
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first and last of which are the most widely separated nucleotides that differ from the 
corresponding allelic sequence already possessed by the recipient cell; that is, it 
comprises the mutation or set of mutations that gave rise to the genotype in ques- 
tion. As such, its size ought to be of the same order of magnitude as that of the 
muton. Benzer'® defines a muton as the smallest element that, when altered, can 
give rise to a mutant form of the organism. His estimate of muton size, based on 
biological recombination studies, is about five nucleotides, which is in happy agree- 
ment with the physicochemical conclusions presented here. 

The decrease in a with molecular weight suggests the thesis that the greater the 
degree of similarity of the entering to the resident allelic DNA, the greater the 
probability of its interacting with the appropriate locus. 

Rather than consider discontinuous behavior for rate (4) or binding (4) con- 
stants as the molecular weight of DNA decreases, we have postulated the existence 
of two types of absorption sites on the surface of the pneumococcus. The possi- 
bility has been discussed that a single site may adsorb either an entire DNA mole- 
cule or only a unit thereof of fixed size, so that in the latter case a (variable) number 
of sites is occupied by each molecule. The relative values determined for / and K 
at low molecular weights suggest that a type IT site adsorbs an entire molecule but 
does so by interacting with only a limited portion of it at a time.'® Type I sites 
are probably also ‘molecular’ but interact with the entire molecule.'® A difference 
in absorption mechanism can therefore be expected for the two types of site. 

Comparison with Previous Work.-The considerations presented here are helpful 
in the interpretation of earlier work based on the application of target theory to 
radiation’? and sonication!’ data. These studies produced estimates of the ‘‘mini- 
mum functional unit,” “‘eritical size,”’ ete., which have been variously interpreted 
as the size of the markers, the minimum size for adsorption, absorption, resistance 
to intracellular DNA, or incorporation into the genome, or combinations thereof. 
Aside from the assumptions involved in the calculation of (target) molecular 
weights, there is a question as to whether target theory is applicable in cases where 
the target is partially nonspecific, as is the case, for example, if a small specific 
(marker) region is immersed in a larger, nonspecific matrix required for absorption. 
In such situations, even if there is a fixed requisite matrix size, the actual target 
size varies, depending on the size of the intact region of each molecule and the posi- 
tion of the marker within it. Furthermore, the boundaries of the matrix itself 
may be indefinite rather than fixed, so that the property associated with the matrix 
changes proportionally as the matrix size decreases, and single-hit target theory 


is inapplicable. First, however, one must decide what the nature of the target is. 


Since in the studies under discussion transforming activity was always assayed 
in the region of linear response to concentration, we can consider the general equa- 
tion for transformation (eq. [10]) in its limiting form: 


ee D1 (Jain lt K l a JIB lim dX t \(*). (13) 
NO. . sti ) wh i, a P | pre "Vy M, 


If the results are compared for a constant weight of DNA, 1/, [D]| is constant. 
Of the remaining variables, we have shown that /»,, a, possibly [Bo],, [Bol,, and 
Km; and probably K,,, are functions of molecular weight. Almost certainly the 
variables depend also upon molecular shape, and @ may depend on the location 
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of the marker within its molecule. Furthermore, neither absorption nor genetic 
incorporation is an all-or-nothing affair which decreases suddenly from a constant 
value to zero. Thus there is no discrete minimum functional size but a more or 
less continuous spectrum of target sizes, each of which is transmuted by a hit into 
a different, less efficacious, but still extant target. 

An additional complication arises in radiation work, where three types of damage 
are possible: double-chain cleavage, single-chain cleavage, and secondary-bond 
cleavage (which results in shape change). The different steps in transformation 
may be affected differently by each of these, thus making the nature of the target 
a function of the relative frequencies of the three cleavages. 

Under the conditions outlined above, physically meaningful ‘‘target”’ sizes cannot 
be expected. Furthermore, it is no surprise (and probably of little significance) 
that multisloped inactivation curves are frequently obtained. The disappearance 
of Type I sites, for instance, is probably one cause (although the rate at which this 
occurs need not be the same when materials of different polydispersity are used and 
when assays are carried out under different conditions of DNA concentration), 
superimposed on a myriad of others arising from a multiplicity of changing targets. 

Degradation studies using ultraviolet light, DNase, and so forth are subject to 
many of the same criticisms. The problem of several types of damage and of a 
number of variables, each of which may depend on the extent of each type of 
damage, make the physical interpretation of activity-dose results impossible in the 
absence of more specific experimental data. The differential “stabilities” of certain 
markers toward various agents'’ face the same interpretive problems: rather than 
the markers themselves differing intrinsically in stability, their probabilities of 
incorporation into the genome may be affected differentially by the molecular 
damage caused by the inactivating agent. 


SUMMARY 


The activity of a sample of DNA depends on its ability to be absorbed on the 
surface of the bacterium, absorbed through the membrane, and incorporated into 
the genome, as well as on the number of markers which it contains. An equation 
has been derived which relates the rate of destruction of markers to their size, 
and this, combined with the kinetic equation for transformation, gives the trans- 
forming activity as a function of marker size. The latter can be evaluated by 
cleaving the DNA molecules and following the loss in activity, but first it is neces- 


sary to determine the molecular-weight dependence of the adsorption (binding) con- 


stant, of the absorption rate constant, and of the probability of incorporation into 
the genome. 

Simultaneous absorption and transformation measurements have been carried 
out with quadruply marked DNA degraded by mechanical shear. Information 
and conclusions bearing on the above variables and on the pneumococcal surface 
have been presented and are discussed quantitatively in terms of the equations 
developed for transformation, absorption, and marker destruction. 

The salient points are: (1) a large part, although not necessarily all, of the ob- 
served loss in transforming activity can be attributed to decreased absorption of 
DNA; (2) the size of the genetic marker is small, possibly of the order of several 
nucleotides; (3) there are probably two types of absorption site on the pneumo- 
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coceal surface, one of which absorbs only DNA of molecular weight greater than 
about 2.2 & 108; (4) a constant number of mols rather than a constant weight of 
DNA is probably bound by each type of site at saturation; (5) the molar binding 
constant for DNA by bacterial sites is constant in the range studied below 7, = 
2.2 & 10°; (6) the probability of incorporation of each marker into the bacterial 
genome has a different dependence on molecular weight. 

Results obtained with other methods for degrading DNA are discussed in terms 
of the variables mentioned above and the applicability of target theory. It is 
concluded that the physical interpretation of such results is far more complex 
than has hitherto been realized. 

APPENDIX 

If 7), is the number of nucleotide pairs in each of the 7th molecules, n; is the num- 
ber of molecules having 7; pairs, and P is the number of nucleotide pairs in a 
marker, then the number of markers in the 7th fraction is proportional to n;(7o; — 
P + 1) and the total number of markers is proportional to 2n,(7'; — P + 1); 
fn(To, — P + 1))/[2nTo, — P + 1)] of the markers reside in the 7th fraction 
(provided that 7, S P). Every fracture of an ith molecule has a probability pro- 
portional to (P — 1)/(7), — P + 1) of destroying a marker. When the damage 
to the molecule consists only of molecular cleavage, the number of fractures is 
(T,/ T7,) — 1, where 77, is the average number of nucleotide pairs in the molecules 
obtained from cleavage of an 7th molecule. Then the total fraction of all the 


markers destroyed by cleavage is 


> (= .)( P — | )( ni( To; ass P + 1) ) 
ey, Tye —~ P+ 1/\E adTe ~ P+) 


(P — 1) 


T'0; : 
yn, — — In, 


Ts, 
rn,T' 0; — Pn; + 2n;) 
Substituting 
: _ _ nMy niTo 
W/G P, Dn, nM/G = Bn, and”? = = - ; 
M, TF; 


(where G is the average weight of one nucleotide pair [646], W is the weight of one 
marker, 7, is the number-average molecular weight of the starting material, n ,; is 
the number of product molecules obtained from the 7th fraction, and M, is the 


number-average molecular weight of the product) gives 


s My 
(W — G) —- — |] 

i, 
M,—-W+G 


for the fraction of markers destroyed. The fraction of markers remaining, 


(i) (ar), 
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is 1 less the above quantity; rearrangement and substitution of V7, (the measured 
number-average weight) = W/; gives equation (4), 


) eg "i MW — G) = My 
M,, / M,/o M—-W+G]M, M—-w+a) 
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MkmicKm4 
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was calculated (see Appendix) assuming various values for W, the marker size. Then for each 


’ — | l l 
DNA sample, Yom =— = . It was found that when /, decreased, increased. 
M, M,, l 
M, 
Mw 


Thus the right side of equation (12) increases when a is constant, and the increase would be accen- 
tuated only if @ were to decrease. Since for fairly large markers the left side of equation (12) 
simultaneously decreases, such a situation is inconsistent with the experimental results (expressed 
by equation [12]). It is difficult to imagine that a could increase with decreasing molecular 
weight; but, even if this were the case, it would be fortuitous and therefore extremely unlikely 
that changes in a should just balance those in the other (totally unrelated) quantities. However, 


l 
when W is very small, 
| 
M, 
@ 


) increases only slightly (i.e., less than the experimental error in the 
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SIZE OF PORES AND THEIR CONTENTS IN SIEVE ELEMENTS OF 
DICOTYLEDONS 


By KATHERINE Esau AND VERNON I. CHEADLE 


DEPARTMENT OF ITANY, UNIVERSITY OF CALIFORNIA, DAVIS, CALIFORNIA 


Read before the Academy, November 6, 1958 
Sieve elements the specialized conducting cells in the phloem tissue 
characteristic wall structures called 
in a highly differentiated state 


have 
“sieve areas.”’ These constitute—at least 
clusters of pores (Figs. 1, 2, 5, 10) through which 
the protoplasts of vertically or laterally contiguous cells are interjoined. The 
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Fras. 1-4.—Parts of sieve elements, one (Fig. 1) with a simple transverse 
sieve plate (a), the other (Fig. 2) with a compound inclined sieve plate (qa). 
Both show also lateral sieve areas (Figs. 1, 2, at b). Fig. 3, transection of a 
sieve area pore with callose (c) inclosing the connecting strand (d). Fig. 4 is 
a diagram of part of a sieve element indicating length of sieve plate at AB and 
diameter of cell at sieve plate at AC. 
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protoplast interconnections, or connecting strands, are each inclosed in a lining of 
callose, usually referred to as “eallose cylinder’? (Fig. 3). The thickness of a 
callose cylinder in a given sieve area varies in relation to the age of the sieve element. 
Younger elements have, as a rule, thinner deposits of callose (Fig. 11) than older 
elements (Fig. 12). 

The role of the connecting strands and associated callose in the translocation 
in sieve elements is a subject of speculation rather than precise knowledge.! A 
common view is that the connecting strands are conduits between sieve elements 
and that the deposition of callose provides a regulatory mechanism by narrowing 
the connecting strands or even by blocking the pores completely when the flow 
through the sieve areas becomes detrimental. Despite the prevalence of this 


“ - oO 
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Figs. 5-15.—Sieve areas from transverse (Figs. 9, 13, 14), radial (Figs. 5, 6, 7, 8, 10, 11, 
12), and tangential (Fig. 15) sections of phloem of Pyrus malus L. (Figs. 5, 6, 7, 8), Tetra- 
cera sp. (Fig. 9), Castanea dentata Borkh. (Figs. 10, 11, 12), and Catalpa bignonioides Walt. 
(Figs. 13, 14, 15). Sieve areas of sieve plates are in Figs. 5, 6, 9, 10, 11, 12, 13, and 14; 
lateral sieve areas in Figs. 7, 8, 15. The sieve plate in Fig. 14 is without callose. Callose 
cylinders (black rings) are discernible in Figs. 10, 11, 12, and 13; they inclose white areas 
spaces occupied by unstained connecting strands. In Figs. 5, 6, 7, 8, and 15 the connecting 
strand areas are not discernible within the callose cylinders. The sieve plate of Fig. 9 was 
completely covered with callose, but the thin callose cylinders lining the pores are, never- 
theless, distinguishable. The open spaces indicate the dimensions of connecting strands; 
these were not preserved in their natural position in this sieve plate. All 1,000. 
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view, no comprehensive measurements of pores and their contents have been 
reported in the literature. Information on the size of pores and connecting strands 
in different groups of plants should increase our understanding of trends of phylo- 
genetic specialization of sieve elements. It is also indispensable for the further 
development of the concepts of function of sieve elements. 

Material, Methods, and Terms.—-This paper reports on measurements of sieve- 
area pores and their contents in secondary phloem of stems of 160 species of di- 
cotyledons distributed among 129 genera and 60 families; further, it relates the 
data to various features of the sieve elements and their sieve plates. The phloem 
material used was the same as previously described in this periodical.2 The 
measurements were carried out mostly in cells of the functioning zone of the 
phloem, but in some species pores alone were measured in the nonfunctioning 
phloem that was devoid of callose (I*ig. 14). 

A distinction was made between sieve areas on the lateral walls (Pigs. 1, 2, at 
b) and the more highly differentiated sieve areas of the sieve plates, which are 
usually located on the end walls (igs. 1, 2, at a). A sieve plate may consist of 
one sieve area (simple sieve plate, Fig. 1, a) or more than one sieve area (compound 
sieve plate, Fig. 2, a), ordinarily arranged in a sealariform sequence (scalariform 


sieve plate). A given species may have only simple or only scalariform sieve 


plates or various combinations of the two types. The scalariform sieve plates 


are typically longer and more inclined than the simple. 

In the study of the relation of size of pore to the type of sieve plate, the species 
studied were divided in three groups according to the proportional representation 
of the different kinds of sieve plates: (a) simple sieve plate group with 90 per cent 
or more of simple sieve plates; (b) simple and scalariform sieve plate group with 
11 to 89 per cent of simple sieve plates; (c) scalariform sieve plate group with 90 
per cent or more of scalariform sieve plates. 

The pores and their contents were measured under an oil immersion objective 
at 1350 magnification. Two diameters at right angles to each other were 
measured for each pore and connecting strand. The thickness of the callose 
cylinder was calculated as half of the difference between the diameters of pore and 
connecting strand. Depending on the orientation of the sieve plates, 20 pores 
(and connecting strands, where possible) were measured for each species in either 
radial or transverse sections. In some species 20 pores were measured in each kind 
of section. If simple and compound sieve plates were present in nearly equal 
numbers, 20 pores were measured for each kind of sieve plate. In some species 
the connecting strands in sieve plates were too small for accurate measurement. 
In lateral sieve areas, both the pores and the connecting strands were usually too 
small to be measured precisely, and therefore the number of pores measured was 
increased to 50 or more for each species. 

The length of the sieve plate and the diameter of the cell at the sieve plate were 
measured according to the diagram in Figure 4, in which AB is the length of the 
sieve plate and AC the diameter of the cell at the sieve plate. Twenty sieve plates 
were measured in each species. The ratio AB to AC was used as a measure of the 
degree of inclination of the sieve plate. 

In some comparisons the transectional area of the sieve element was used. This 
area was determined from measurements of cell diameters not in the vicinity of 
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sieve plates. [or most species these values were available from an earlier study on 
cell-wall thickness.” 

In 10 species of each sieve-plate group the number of pores per sieve plate was 
determined by counting pores in 10 sieve areas and multiplying the mean value 
for one sieve area by the number of sieve areas. In some species of the simple 
and sealariform sieve-plate group, separate counts were made for the simple and 
the compound sieve plates. The number of sieve pores was used to compute 
the area of a sieve plate occupied by pores and connecting strands and the per cent 
of transverse area of the sieve element that would correspond to the total areas of 
pores and connecting strands. 


TABLE 1 


MEANS OF MAXIMUM AND MEAN DIAMETERS AND MEAN AREAS OF PoRES, CONNECTING 
STRANDS, AND CALLOSE CYLINDERS IN SIEVE PLATES OF 126 SPECIES 
MEAN 


PART OF DIAMETER, AREA, 
Sieve AREA Maximum Mean we? 


Pore ; 2.97 2.01 $21 
Strand 2-4) 1.18 1.76 
Callose 2.45 


Results.—Table 1 gives a summary of measurements for sieve plates of all species 
in which both the pores and the connecting strands were available for measurement. 
It indicates that, on the average, callose occupies about three-fifths of the tran- 
sectional area of a pore in a mature, and presumably functioning, sieve element. 

The literature contains evidence that simple sieve plates are more highly 


specialized than compound ones. The values for pores and connecting strands 


were therefore analyzed with regard to the types of sieve plates. 

lirst, a selection of species with the largest pores was used, to estimate differences 
between simple and scalariform sieve plates. Simple plates of five species had 
pores of the following maximal diameters in uw: Adlanthus altissima Swingle, 14.3; 
Tetracera sp., 13.1 (Fig. 9); Cucurbita sp., 10.3; Wisteria sp., 8.6; Ulmus americana 
L., 8.5. Sealariform sieve plates of five species had pores of the following maximal 
diameters in uw: Catalpa bignonioides Walt., 4.6; Passiflora sp., 4.6; Quercus coccinea 
Muenchh., 4.0; Carya cordiformis Koch, 4.0; Salix pentandra L., 4.0. Second, the 
largest pores in simple and secalariform sieve plates were compared within species 
that had both these types of sieve plates (Figs. 10, 11). The ratios of pore di- 
ameters in simple plates to those in compound plates for nine species were 1.48 


TABLE 2 
DIAMETERS OF PORES AND CONNECTING STRANDS IN SIEVE PLATES OF THREE SIEVE-PLATE 
GROUPS OF SPECIES 
~-MEANS OF DIAMETERS, pu 


Pores Connecting Strands 
SIEVE-PLATE GRovuP Maximum Mes Maximum Mean 


Simple: 46 species 3.50 2.37 2.60 1.45 
Simple and scalariform: 39 species 3.02 98 2.12 1.19 
Sealariform: 41 species 2.33 ) 1.54 0.87 


for the largest pores, 1.32 for the means. Selected examples given in the following 
indicate the range of variation in the pore-size differences. The maxima (yu) for 
pore diameters in simple versus compound sieve plates in the same species were: 


>= 


14.3 vs. 4.6; 5.7 vs. 4.6: 1.7 vs. 1.1; the corresponding means were: 7.9 vs. 3.5; 
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1.0 vs. 3.2; 1.0 vs. 0.9. Both sets of figures suggest that the pores of the simple 
sieve plates tend to be larger than those of the compound sieve plates. 

The connecting strands are similar to the pores in the relation of their size to the 
type of sieve plate. Whether the computations are based on all species in which 
strands were measured (Table 2) or on species selected for the large size of con- 
necting strands (Table 3), the trend toward a correlation of larger connecting 
strands with simple sieve plates is consistent. 


TABLE 3 
DIAMETERS OF LARGEST PORES AND CONNECTING STRANDS IN STEVE PLATES OF THREE 
SrEVE-PLATE GROUPS OF SPECIES 
MerANS OF DIAMETERS, yp 
Strands 
Lowest Per Cent STRAND 


Mean of Limit for DIAMETER OF 
Sreve-PLatTe Group Pores Largest Selection Pork DIAMETER 


3 78.5 
71.8 


Simple: 27 species 1.49 3 
3 : 
l 67.6 


» 
Simple and scalariform: 24 species. . 3.90 280 1 
Sealariform: 29 species 2.84 1.92 I 

The fifth column in Table 3 gives the additional information that the diameters 
of connecting strands of the simple sieve plates constitute a relatively larger pro- 
portion of the pore diameter than those of the scalariform sieve plates; that, in 
other words, the callose cylinders are relatively thicker in the compound sieve 
plates. This relationship is also illustrated in Table 4 by a comparison of areas 


TABLE 4 
MEAN AREAS OF PORES, CONNECTING STRANDS, AND CALLOSE CYLINDERS IN THREE 
SIEVE-PLATE GROUPS OF SPECIES 
Per CENT Or PORE 


MEAN AREAS, yp? AREA OCCUPIED BY 
Sipve-PLatre Group Pores Strands YF . Strand Callose 


Simple: 27 species 5.80 2.4 3.0% ges: 52.7 
Simple and scalariform: 24 species 1.17 7 2.5 39.9 60.1 
Scalariform: 29 species 2.45 75 30.4 69.6 
of the pores and their contents. The per cent of pore area occupied by callose is 
highest in the group of species with scalariform sieve plates and lowest in the group 
with simple sieve plates. 

In the majority of species the pores in the lateral walls of the sieve elements 
were conspicuously smaller than in the sieve plates, but the degree of difference 
varied. The disparity between the size of pore in a sieve plate and that in a lateral 
sieve area was largest in the simple sieve-plate group (igs. 13, 15) and smallest 
in the sealariform sieve-plate group (Figs. 5, 6, 7, 8). This relation was observed 
in comparisons both of means for the bulk of species (Table 5) and of averages 
compiled from a few species having relatively large pores in lateral sieve areas 


TABLE 5 
MeraANS OF MEAN DIAMETERS OF PORES IN SIEVE PLATES AND LATERAL SIEVE AREAS 
IN THREE SIEVE-PLATE GROUPS OF SPECIES 
MEANS OF DIAMETERS, u, AND NUMBER 
or SpecriEs* Ratio 
Sieve-Plate Lateral Sieve COLUMN 2 TO 
Sreve-PLatre Grove Pore Area Pore CoLUMN 3 

Simple 2.45 (51*) 0.46 (45*) Ker) 
Simple and scalariform 8 0.53 (39*) Oct 
Scalariform 57 (4! 0.47 (44*) Be ee 


* Figures inclosed in parentheses and marked with asterisks indicate numbers of species 
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TABLE 6 


MEANS OF DIAMETERS OF LARGEST PORES OBSERVED IN LATERAL SIEVE AREAS IN Bacu 
oF THREE SIEVE-PLATE GROUPS OF SPECIES AND OF LARGEST PORES IN SIEVE PLATES 
IN SAME SPECIES 


MEANS OF DIAMETERS O} 


PORES, pu Ratio 
Lateral COLUMN 2 TO 


Sreve-Piatre Group Sieve Plate Sieve Area CoLuMN 3 
Simple: 5 species. . 5.36 1.36 3.9:1 
Simple and scalariform: 8 species 3.64 1.26 2.9:1 
Scalariform: 4 species 3.28 1.28 2.6:1 


(Table 6). It suggests that the pores of the lateral sieve areas have not kept pace 
with the evolutionary enlargement of pores in the sieve plates, if, indeed, they have 
increased in size at all. 

In some species of the scalariform and the simple and scalariform sieve-plate 
groups the differences in the degree of differentiation of pores in the two locations 
were so small that they could only be estimated. In these species (A ustrobaileya 
sp., Chaenomeles lagenaria Woidz., Crataegus intricata Lange, Drimys lanceolata 
(Poir.) Baill., Sorbus sp., Spiraea Vanhouttei Zabel, Euonymus alatus Sieb.) the 
pores of sieve plates were, at maximum, | yu or less in diameter. In still another 
group of species (Daphne Mezereum L., Michelia fuscata Blume, Pyrus communis 
L., Pyrus Malus L. (Figs. 5,6, 7,8), Clethra alnifolia L., Daphniphyllum macropodum 
Miq., Ligustrum ovalifolium Hassk.) the pores of the sieve plates were, at maximum, 


only slightly over 1 uw and the lateral pores 0.5-0.8 uw in diameter. It should be 


emphasized that small pores present considerable difficulty when their photographie 
representation is attempted. Slight changes in focus and intensity of printing affect 
the apparent size of the callose cylinders. Figures 5-8, therefore, do not properly 
reveal the differences in size between the pores of the sieve plates and those of the 
lateral sieve areas. The species with generally small pores are of particular interest 
with regard to the classification of sieve elements into sieve cells and sieve-tube 
members. The sieve elements of these plants exhibit such a small distinetion be- 
tween the sieve areas on the lateral and the end walls that they resemble sieve 
cells, a type of sieve element generally considered to be characteristic of gymno- 
sperms and lower vascular plants. 

Tracheary elements of the xylem and sieve elements of the phloem apparently 
do not follow a common pattern of specialization with regard to cell width. The 
tracheary elements of the xylem show a distinet evolutionary trend toward an 
increase in diameter. Table 7 suggests that such a trend may not be characteristic 
of sieve elements. On the contrary, in this study, sieve elements with the longest 
and the most highly compound sealariform sieve plates (considered most primitive) 


TABLE 7 


INCLINATION OF SIEVE PLATE, NUMBER OF SIEVE AREAS, AND TRANSVERSE CELL AREA 
OF SIEVE ELEMENT IN THREE SIEVE-PLATE GROUPS OF SPECIES 
Ratio 
Mean Length lransverse 
of Sieve Plate imbe y Cell Area 
to Mean Cell ve reas of Sic 
Diameter at pe eV Element 
Sieve-Plate Group Plate 
Simple: 50 species 1.38 
Simple and scalariform: 48 species 2.14 
Sealariform: 46 species 3.90 
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have the largest transverse cell areas, those with simple and almost transverse sieve 
plates (considered most specialized), the smallest transverse cell areas (Table 7). 
According to the tentative calculations of areas occupied by pores and connecting 
strands in individual sieve plates (Table 8), simple sieve plates have a smaller total 
pore area but a larger total strand area than the compound sieve plates. The cal- 
culations show further (Table 8) that the ratio of the per cent of the transverse 
area of the sieve element occupied by the pores to that occupied by the strands 
decreases from 3.5:1 in sieve elements with sealariform sieve plates to 1.7:1 in 
those with simple sieve plates. These calculations need confirmation by larger 
samplings, but, as far as they go, they suggest that, as sieve elements decrease in 
width, a larger proportion of their transverse cell areas is occupied by connecting 
strands and that, therefore, increase in the size of connecting strands may be a 
more significant aspect of the evolution of sieve elements than the increase in pore 


size. 


TABLE 8 


Per Cent or TRANSVERSE CELL AREA OCCUPIED BY PORES AND STRANDS OF SIEVE PLATE 
IN TEN SpecrIES IN Eacn OF THREE SIEVE-PLATE GROUPS 
Per CENT OF 
MEAN AREAS PER TRANSVERSE CELL Ratio 
Sreve PuLare, uw? AREA OCCUPIED BY COLUMN 4 TO 
SieVE-PLATE Group Pores Strands Pores Strands CoLumn 5 
Simple 793.1 169.6 83.2 19.3 Lt 
Simple and sealariform 821.9 364.7 104.8 46.5 oc) 


9 
Scalariform 1111.0 315.1 112.9 32.0 oer0 


Summary.—The pores and their contents—-that is, the connecting strands and 
the callose cylinders incasing the strands—were measured in 160 species of 129 
genera in 60 families of dicotyledons. The diameters of the pores ranged in different 
species from a fraction of a micron to about 14 uw. Typically, in the same species, 
the pores were larger in the sieve areas of the sieve plates (end walls bearing com- 
paratively highly differentiated sieve areas) than in those in the side walls. The 
pores and the connecting strands were larger, and the differences in dimensions 
between the pores and strands of the sieve plates and those in the side walls were 
greater, in elements with simple sieve plates than in those with compound sieve 
plates. Sieve elements with scalariform sieve plates have the largest mean trans- 
verse cell areas, those with simple sieve plates the smallest. Sample measure- 
ments show that the mean areas of the pores per sieve plate are largest in sieve 
elements with scalariform sieve plates and smallest in those with simple sieve plates. 
The reverse is true of connecting strands. In the sampling just noted the ratio of 
pore area to transverse cell area appears to be larger in elements with compound 
sieve plates than in those with simple sieve plates. The ratio of strand area to 
transverse cell area, however, showed the reverse: it was largest in elements with 


simple sieve plates. 
We wish to acknowledge the assistance of Mr. Charles H. Lamoureux, who carried 
out the measurements. 


'K. Esau, H. B. Currier, and V. I. Cheadle, Ann. Rev. Plant Physiol., 8, 349, 1957. 
2K. Msau and Y. I. Cheadle, these PROCEEDINGS, 44, 546, 1958. 





THE GENERATION OF LATENT-ION-TRANSPORT CAPACITY* 
By GreorGe G. LATIEST 
DIVISION OF BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA, CALIFORNIA 


Communicated by James Bonner, December 8, 1958 


Introduction.—Of the various hypotheses designed to explain the movement of 
ions from the environment into the plant cell, the most attractive suggests that ions 
traverse cell membranes in combination with an endogenously produced carrier 
substance.’ 2? The hypothesis stems from the recognition that absorption kinetics 
are not first-order, but are, rather, best represented by a formulation analogous to 
that which describes the reversible combination of substrate and enzyme.* The 
carrier hypothesis is at least consistent with the known characteristics of the absorp- 
tion process. Thus the remarkable specificity of the absorption process may be 
imputed to specificity on the part of the carriers; the requirement for respiratory 
energy may be related either to the production of carrier or to the degradation of 
ion-carrier complex; and the ability of ions to penetrate ion-impermeable cellular 
membranes may be ascribed to the formation of a permeating ion-carrier complex. 

Cation absorption in plant tissues is characterized by an initial stage in which 
combination with a cellular component may be demonstrated directly. However, 
there is every indication that the observable first phase of cation absorption does not 
represent combination with carrier, but rather reflects an adsorption-exchange proe- 
ess in which the adsorption sites are the free carboxyl groups within the cell wall.’ 
Compared to cation exchange sites, anion exchange sites are present in vanishingly 
low concentration.*; > The existence of true carrier, sites both for cations and for 
anions has been deduced almost exclusively from kinetic analyses. In a study 
which is perhaps unique in attempting the direct determination of carrier concen- 
tration unobscured by extraneous adsorption processes, Hagen and co-workers® 
have estimated the concentration of phosphate-carrier sites in barley roots. 

The concept of carrier-mediated ion transport is to be distinguished from the 
electrochemical hypothesis of Lundegardh’ in which the transient separation of 
electron and proton during the respiratory transport of hydrogen atoms is con- 
sidered the prime mover in ion absorption. The carrier hypothesis allows for the 
possibility that metabolic events which have to do with ion transport may be sepa- 
rated in time from the actual absorptive act. An example of such separation is 
presented herein. Potato slices have been chosen for the experimental object for 
two reasons. First, considerable information exists regarding the accumulatory® 
and respiratory’ characteristics of this tissue. Second, slices of potato, as well as 
of other storage organs, are transformed during aging from a tissue with little or no 
ability to absorb salt to one with a vigorous accumulating eapacity."” The con 
trollable change in physiological state may ultimately allow the characterization of 
those metabolic events which are particularly related to salt transport. 

Materials and Methods.—Blocks of tissue, 1.5—-2.0 inches to a side, were cut from 
the center of Russet Burbank potato tubers. A block was pierced six times through 
two-thirds of its depth with a No. 4 cork borer, the cores remaining in the block. 
Millimeter slices were removed with a hand microtome, and the disks (9 mm. in 


diam.) so formed were freed from the slice by gently dipping the latter into a dish of 
163 
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ice water. The disks were briefly rinsed, transferred to an 80-mm. Buchner funnel, 
and bathed for 20 minutes with 3 liters of distilled water, which passed by gravity 
flow through the stem of the funnel and out over the funnel walls. The disks were 
thereupon used directly, or transferred to a liter Erlenmeyer flask (10 gm tissue/100 
ml 10~-* M CaSO,) to be gently swirled at room temperature on a New Brunswick 
CGyrotary shaker. Except for the experiment described in Figure 1, all disks were 
aged for 22-24 hours with three changes of CaSO, solution. 
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Fic. 1.—The time-course of chloride absorption as a function of disk age. A, 0° C.; B, 30° C. 


Fic. 2.—The time-course 
of AFS penetration compared 
with that for absorption. 
Solid circles, absorption prog- 
ress as indicated by activity 
of H.O-rinsed disks as a func- 
tion of time (hours) in Cl*, 
Open circles, AFS  penetra- 
tion, as indicated by total ac- 
tivity of unrinsed, blotted 
disks as a function of time 
(minutes) from immersion in 
Cl6, Crosses, loss from AFS, 
as indicated by activity as a 
function of time in H.O of 
disks preincubated for 1 hr. 
in Cl and surface-dried 
without rinsing before trans- 
fer to HO. 
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Seven disks (0.44 gm. fresh wt. ) were placed into 10-ml. KC1* solution in 50-ml. 
Krlenmeyer flasks. The flasks were shaken in a Dubnoff metabolic shaker, when 


‘ ‘ 


absorption was measured at 30° C,. 
shaken on an Eberbach reciprocal shaker, in a specially constructed insulated box 
which was filled with ice. At the end of an absorption period, disks and solution 
were rapidly poured onto a circle of filter paper held in a 40-mm. Buchner funnel 


For absorption studies at 0° C., flasks were 
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fixed to a water pump through a side-arm flask. Disks were then either blotted 
dry and prepared for counting at once—as in the experiments involving diffusion 
and placed in 20 ml. ice water for an additional 20 minutes’ washing on the shaker 
at0°C. Then 0.2 ml. of 3.6 per cent polyviny! alcohol (Elvanol, grade 72-51, Dupont) 
was spread on a 30-mm. planchet, and the seven surface-dried disks were arranged 
on the planchet with neighboring disks touching. After being dried overnight in an 
oven at 80-100°C., the radioactivity of the disks was determined with a gas-flow 
micromil window detector, in conjunction with an automatic sample changer 
(Nuclear-Chicago). Determinations in Figure 1 are in triplicate; all others are in 
duplicate. Self-absorption is approximately 19 per cent. HCl1** was received from 
Oak Ridge as a 1.64 N solution with a specific activity of 0.586 me/gm Cl. The 


kinetics shown in Figure 2—or rinsed with a stream of water from a wash bottle 
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Fic. 3.—-Absorption as a function of KCl concentration. Fresh disks used after 
20 min. washing. Aged disks incubated 40 hr. at room temperature. To compare 
actual rates, the scale for aged tissue at 30° C. must be taken as 5 times that for 
the others. 





solution was diluted as desired, as much stable Cl as necessary was added as KCI, 
and the solution brought to pH 6.0 with KOH. Experimental solutions contained 
20 uC 1, which, as measured, gave 24,000 counts per minute per milliliter. Except 
for the experiments of Figure 3, all solutions were 0.04 17 KCI. 

Experimental Results.—The time-course of Cl** absorption at 0° C. by fresh or 
aged disks transferred from room temperature is depicted in Figures 1, A, and 2. 
Figure 1, B, describes the time-course at 30° C. It is proposed to call the initial 
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rapid phase of uptake at 0° C. the “absorption shoulder.”” At no time during the 
absorption period can the shoulder be abolished by washing the tissue either in 
water or in nonradioactive KCl. The shoulder is thus thought to represent bona 
fide uptake into the cell and in this sense is to be distinguished from shoulders which 


9 


owe their origin either to penetration of ions into the apparent free space (AFS)!) ? 


or to adsorption exchange on surface or extracellular binding sites.? In Figure 2 
the kinetics of AFS penetration are compared with absorption kinetics at 0° C. 
Whereas penetration into the AFS is half-completed in perhaps 1.5 minutes and is 
essentially independent of temperature, the absorption shoulder achieves half its 


maximum value in approximately 20 minutes at 0° C. and is not demonstrable at 
30° C. (Fig. 1, B). The relationship between absorption and external concentra- 
tion is shown in Figure 3. The remarkable exponential relation noted especially 
with fresh tissue at 0° C. will not be discussed here. Suffice it to say that the 
aberration from the standard type of absorption isotherm (e.g., Fig. 3; aged tissue, 
30° C.) is due more to the low temperature than to the age of the tissue. 

The fact that a shoulder is manifested only when disks are transferred from a 
higher to a lower temperature (Fig. 1) has led to the following hypothesis, which is 
evaluated below. It is assumed that a cellular metabolite which positively affects 
carrier synthesis has a steady-state concentration which varies directly with the 
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ria. 4.—The regeneration of the absorption shoulder, Open circles, disks placed 
at once in Cl at 0° C. Closed circles, disks placed in Cl at 0° C. for 1 hr., trans- 
ferred to HO at room temperature for 1 hr., then back to O0°C.C}**, 
Crosses, disks maintained in 0° C, Cl* solution for 3.5 hr., then into 0° C. H.O for 
1 hr., and back into 0° C.Cl® solution. 
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temperature. For convenience, the metabolite will be termed a “carrier precursor,”’ 
which is to be construed only in an operational sense. The steady-state level of 
precursor typical of the elevated temperature constitutes a relative excess at the 
lower temperature. When disks are transferred to 0° C., the extra precursor is 
utilized in the first 1—1.5 hours, and the steady state typical of the lower temperature 
is gradually achieved. If the foregoing hypothesis is valid, it should be possible, 
once the precursor has been expended, to produce another interval of high absorp- 
tive activity at 0° C. by raising the tissue to room temperature for some time. As 
may be seen in Figure 4, a brief period in water at room temperature subsequently 


‘ 


evokes a new shoulder at 0° C. which is as great as the initial shoulder. When the 


absorption period is interrrupted by an hour in H.O at 0° C., 
upon return to a solution of Cl** at 0° C., and absorption continues essentially un- 


affected. Actually, the establishment of the steady state at room temperature is 


no shoulder is formed 


rapid, 5-minute exposures resulting in almost maximal shoulder development. 
For this reason, disks may not be handled at room temperature when transferred 
from one cold solution to another, and the technique which has been adopted is to 
transfer the disks with a perforated stainless steel spoon, dipping them into appro- 
priate ice-cold rinsing solutions where necessary. 

It might be anticipated that if disks are kept for approximately 1.5 hours in 
nonradioactive chloride at 0° C. and then transferred to a solution of the radioiso- 
tope at the same temperature, the time-course of Cl** absorption will at once be 
linear. Such in fact is the case. Interestingly, however, the same effect can be 


achieved by maintaining the disks in 0° C. H.O ina preincubation period. Figure 5 


indicates the extent to which the shoulder is diminished as a_ funetion of 
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Fic. 5.—The effect of preincubation in H,0 at 
0° C. on the height of the absorption shoulder. 
The control value is taken as the shoulder height 
observed in disks placed directly into Cl at 
OC. 
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preincubation in 0° C. H.O. The implication of the foregoing is that precursor is 
destroyed whether or not transportable ions are present. In each case H,O-treated 
disks were rinsed in 0° C. Cl** before being transferred to the absorption vessels. 

Since it is recognized that respiratory activity and presumably respiratory energy 
are the sine qua non of active salt absorption, it would be expected that an increase 
in the salt-absorbing capacity, as exemplified by the development. of a new shoulder, 
would depend upon the normal respiration. Figure 6, B, indicates that when the 


coupling of respiratory energy to physiological processes is prevented by 2,4-dini- 


trophenol (DNP)," there is no shoulder formation in response to an incubation 
period at 30° C. Disks were first preincubated in H.O at 0° C. to do away with 
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Fic. 6.—The effect of DNP on steady-state uptake and on shoulder generation. A: solid 
circles, disks placed at once in Cl and 1074 M DNP. Open circles, disks in Cl** from to. Crosses, 
disks in Cl°¢ plus DNP at 0° C. for 3 hr., followed by 1 hr. in HO at 30° C. before transfer to 0° C. 
C1 solution. B: solid circles, disks in Cl** and DNP from ty. Open circles, triangles, and crosses, 
disks preincubated for 1.5 hr. in 0° C. H.O following which: ¢riangles, disks placed at once in 
0° C. Cl solution; open circles, disks 15 min. in 30° C. H.O before transfer to 0° Cl°; crosses, 
disks 5 min. in 0° C. DNP followed by 15 min. in 30° C. DNP, two rinses in 0° C. HO, and 
transfer to 0° C. Cl, 





the shoulder, after which they were given 15 minutes at 30° C., either in HO or in 
10-4. DNP. In the latter case disks were first passed through DNP at 0° C. to 
allow diffusion into the AFS to be completed before the temperature was raised 
(ef. Fig. 2). The DNP was thoroughly removed with several rinses of 0° C. H.O 
before disks were finally dipped in 0° C. Cl® and transferred to the experimental 
solution. Evidence that the effect of DNP is quite reversible is given in Figure 
6, A. It may be noted, first, that DNP abolishes the steady-state absorption of 
(1° and considerably diminishes the shoulder as well. When disks are kept in 
C}** plus DNP at 0° C. for 3 hours and then bathed in H.O at 30° C. for 1 hour, they 
subsequently display a new shoulder at 0° C., and a steady-state absorption rate 
equal to the control. Cyanide (10~*-10~? 47) fails to affect steady-state uptake 
at 0° C. and is without effect, as well, on the regeneration of shoulder at 30° C. in 
disks preincubated at 0° C. However, cyanide frequently abolishes the shoulder 
when presented together with chloride at 0° C. (Fig. 7). The peculiar effects of 
cyanide are discussed below. 

Discussion.—Compared with the substantial kinetic evidence for the carrier 


hypothesis, there has been little direct experimental verification of carrier existence. 


Russell et al.!* have postulated the presence of phosphate carriers in barley roots 
on the basis that, at very low phosphate concentrations, azide fails to affeet absorp- 
tion. The rationale offered is that the actual combination of phosphate ion with 
carrier is azide-resistant and that, at sufficiently low phosphate concentrations, 
enough carrier exists to combine with, and hence to transport, all the phosphate 
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present. Hagen et al.,®° in turn, have deduced the presence of phosphate carrier 
in barley roots by noting that in brief absorption periods the graphical regression 
of the time-course of phosphate uptake intersects the ordinate. The intercept has 
been taken as a measure of the amount of carrier present, which was shown to be 
on the order of 10-* M on a fresh-weight basis (ef. ref. 13). Lundegiirdh"™ has re- 
cently reported chloride absorption shoulders, both in wheat roots and in potato 
slices, equivalent to several wmoles of chloride per gram fresh weight. The magni- 
tude proved independent of the temperature, and the shoulders were taken to rep- 
resent an initial chloride-binding reaction. Anion-binding sites have heretofore 
been considered virtually absent in these same materials,‘ ° and since, in the cited 
experiments, chloride uptake was measured by noting its disappearance from the 
external solution, the significance of the shoulders in this case is uncertain.? 








300-- 
; : 4 
Fig. 7.—The effect of cyanide on steady- 
state uptake and shoulder generation. Open 
circles, disks placed at once in Cl** plus 10-2 3 e 
M eyanide, pH 6.0. Crosses, solid circles . 

» | , » F200r X 
triangles, disks preincubated in 0° C. HsO for « () 
1.5 hr., following which: crosses, placed in = 
0° C. Cl at onee. Solid circles, placed in wo 
30° C. H2O for 30 min. before transfer to 0° = 
C. Cl*, Triangles, placed in cyanide solution = fe) 
at 0° C. for 5 min., followed by 30 min. in) © 100F 
KCN at 30° C., followed by water rinse at 
0° C., and transfer to Cl5¢ at 0° C, 
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The experiments described herein indicate that, under selected conditions, meta- 
bolic activity occurring at one time can produce a unit of ion-absorbing capacity 
which can be manifested at another time. The foregoing phenomenon is to be 
distinguished from the well-known influence of the prehistory of storage organ 
slices on their subsequent steady-state absorption behavior.'"° Absorption during 
the initial stage—represented by the shoulder—is considered of a piece with steady- 
state absorption. The relationship of absorption to concentration at 0° C. is the 
same whether the shoulder height or the steady-state slop be taken as a measure 
of the rate of uptake. Figure 8 depicts the total absorption in a 4-hour period as a 
function of concentration. However, the curves would look the same if uptake in 
the interval between 1.5 and 4 hours were plotted as a function of concentration or 
if the shoulder heights were so plotted. All in all, the observations which have 
been made are inconsistent with the concept that salt transport is effected by a 
eytochrome-mediated electron pump,’ but they permit the deduction that ion 
uptake depends upon metabolically produced carriers. 

The assumption was made above that the absorption shoulder refleets the utili- 
zation of a unit of absorptive capacity—-which, for convenience, has been termed 
“carrier precursor’ —and not of carrier per se. The basis for this contention stems 
from a consideration of the kineties of shoulder diminution in the presence or ab- 
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sence of chloride, and from the effect of cyanide on each of the absorptive phases. 
First, it is evident that there is no immediate binding of a quantity of chloride 
equivalent to the absorption shoulder—followed by its transport into the cell. The 
quantity of radioactive chloride in the AFS is the same in untreated disks as in 
disks wherein the shoulder has been removed by preincubation in 0° C. H,O. By 
the same token, there is no exchangeable chloride at any time during absorption 
at 0° C., and chloride uptake at 30° C proceeds linearly from the origin. That is, 
there is no perceptible intercept attributable to combination of chloride with carrier 
(cf. refs. 6, 13). Thus it is not the transport of ion-carrier complex into the cell 
which controls the absorption rate. 

It is pertinent to recall that the duration of the shoulder (Fig. 2) is the same as 
the time required in H.O at 0° C. to remove the shoulder (Fig. 5). Since the rate 
of shoulder diminution is independent of the presence of chloride ion, it hardly 
seems likely that the combination of carrier with chloride determines the kinetics 
of the first phase. If, alternatively, the spontaneous degradation of carrier con- 
trols the rate of shoulder depletion, then the quantity of carrier present initially 
must be much greater than estimated from the extent of the shoulder, for the car- 
rier utilized in transport would then be but a fraction of the total. Since the 
estimated chloride equivalent of the shoulder is already quite high, being ca. 5 X 
10-4 M on a fresh-weight basis, it is unlikely that the actual carrier concentration 
is in fact considerably higher (cf. Hagen et al.6). A more reasonable hypothesis is 
that the rate-determining event involves the conversion of precursor to carrier, the 
latter breaking down at a rate independent of the presence of chloride. In this 
view the fraction of the total available carrier which is used in transport will be 
determined by the external salt concentration. If the only path of precursor deg- 
radation is through carrier, spontaneous carrier breakdown and carrier utilization 
through transport will not be distinguishable. Shoulder duration will then be 
independent of the presence of salt, and the magnitude of the shoulder at high 
external salt concentrations will be a rough indication of the total amount of pre- 
cursor. 

The most compelling reason for considering that the shoulder does not represent 
carrier per se is that cyanide frequently wipes out the shoulder, while leaving the 
steady-state absorption rate at 0° C. unaffected. If eyanide in any way impeded 
the utilization of carrier, it must perforce inhibit steady-state absorption. Lunde- 
gardh' offers an entirely similar example in his Figure 2, which is ascribed to the 
combination of cyanide with cytochrome sites which are presumed to bind anions as 
the first step in transport. However, his explanation is inconsistent, since in the 
same figure it is evident that evanide fails to affect steady-state uptake, which, in 
Lundegardh’s view, is certainly considered to be mediated by the cyanide-sensitive 
cytochrome oxidase system. A tentative and tenuous hypothesis is offered in the 
following alternative representations: 


rt Precursor. CN A— A~ 
1) X 15 


; Kw (2) +A es 
Se ne xX *X~ +Carrier 


In the first scheme the precursor is a structural progenitor of the carrier; in the 
second, the precursor essentially represents an energy supply for carrier synthesis, 
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the curlicue being a formalized representation of a high-energy state." As will be 
seen below, the direct path of carrier formation appears linked to a eyanide-sensi- 
tive respiration. An indirect contribution to the absorptive capacity may be made 
along a path which is at least in part CN-resistant. It is not understood why 
cyanide, when present during the experimental period, does not invariably obliterate 
the shoulder. An example in which cyanide does remove the shoulder is given in 
Fig. 7 both because of the pertinence of this observation to the argument just ad- 
duced, and because Lundegardh"™ has independently observed precisely the same 
cyanide effect. 

It has been reported that as the respiration rate of potato slices rises with incuba- 
tion, the sensitivity to CN and to CO diminishes markedly.’ Cyanide-resistant 
absorption might thus be anticipated in aged disks, although Griffiths and Hac- 
kett have observed that phosphate uptake by potato slices remains CO-sensitive 
at a time when the respiration is largely CO-resistant. The extent to which 
cyanide sensitivity varies with age in potato slices depends upon the incubation 
conditions.'"® Under the conditions obtaining in this study the resporation of 
day-old disks at 30° C. was inhibited almost 90 per cent by 10-? 17 CN. At this 
temperature chloride absorption was inhibited to the same extent. On the other 
hand, at 0° C. where chloride absorption was essentially unaffeeted by CN, the 
respiration was diminished less than 30 per cent. The failure of CN to inhibit Cl 
absorption at 0° C. appears to be due to the relative ineffectiveness of CN as a 
respiratory inhibitor at this temperature. It is pertinent that in the presence of 
cyanide, chloride uptake at 0° C. is at least three times that at 30° C. 

Finally, there is no obvious relation between the magnitude of the shoulder at 
0° C. and the steady-state rate at 30° C., which is only to say that the rate 
of steady-state uptake depends on the rate of carrier turnover. The shoulder mag- 
nitude, on the other hand, depends on the relative rate constants for precursor 
synthesis and degradation. The balance of the latter processes is markedly deter- 
mined by temperature in relation to age (Fig. 1). Since the absorptive capacity 
at 30° C. continues to increase through 70 hours (Fig. 1), while a respiratory maxi- 
mum is reached in about a day,®. " there must be metabolie transformations relat- 
ing to the development of absorptive capacity which are not related alone to the 
magnitude of respiration. 

Summary.—1. The absorption of chloride ion at 0° C. by potato disks trans- 
ferred from 30° C. proceeds in two stages. The initial stage of rapid uptake-—which 
has been termed the “absorption shoulder’ —lasts approximately | hour, and is 
taken to reflect absorption capacity generated at the higher temperature. 

2. At any time after the first stage has been completed, a new shoulder can be 
created by transferring the tissue to 30° C. for as little as 5 minutes. The original 
shoulder can be dissipated by an hour’s preincubation in H.O at 0° C. 

3. DNP inhibits both steady-state uptake and the generation of a new shoulder 
Cyanide affects neither, but wipes away the original shoulder when presented simul- 
taneously with chloride at 0°C. 

1. It is considered that the first stage of absorption is of the same type as that 
which constitutes the steady state. Reasons are offered for presuming that the 


shoulder represents a relative excess of carrier precursor and not of carrier per se. 
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A THEOREM ON ZERO-FIELD SPLITTINGS* 
By HarpEeN M. McConne.ut 


GATES AND CRELLIN LABORATORIES OF CHEMISTRY, f CALIFORNIA INSTITUTE OF TECHNOLOGY 
PASEDENA 4, CALIFORNIA 


Communicated by Richard M. Badger, December 26, 1958 


Hutchison and Mangum! have recently observed a zero-field splitting of the 
paramagnetic resonance of the phosphorescent triplet state of the naphthalene 
molecule. Such studies on this and other aromatic molecules are of considerable 
theoretical interest, since the zero-field splittings almost certainly arise from a 
first-order simple magnetic dipole-dipole interaction between electron spins rather 
than from highly complex spin-orbit interactions that are largely responsible for 
zero-field splittings in metal ions? and other atoms of large nuclear charge. Ex- 
perimental information on zero-field splittings may then lead to useful information 
on the correlation of electron spins in molecules. On the other hand, since the 


dipole interaction is proportional to the inverse cube electron-electron distance, 
one might expect that the problem of interrelating observed zero-field splittings 
and approximate molecular electronic wave functions would be especially difficult 


because most approximate wave functions are poorest in their description of 
electron-electron close approaches, where the inverse cube distance is largest. 
The purpose of the present work is to point out that, although the calculated 
energy of any particular state will be uncertain because of this close approach of 
the electronic magnetic dipoles, differences in energies corresponding to zero-field 
splittings do not involve energy terms arising from close approaches due to an 
antisymmetry requirement of the space part of the wave function which auto- 
matically introduces some correlation tending to keep the electron spin magnets 
apart. This then leaves the hope that approximate wave functions may be 
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satisfactory for theoretical order-of-magnitude or even semiquantitative estimates 
of zero-field splittings. We wish to prove the following theorem. 

Zero-field splittings in molecules that arise from magnetic dipole interactions between 
electron spins depend only on those components of the two particle density matrix p 
that are antisymmetric in the space variables. 

Form the two-particle density matrix p = p(r/, o/; r/, o/\ri, o.; 7), o)) by 
carrying out the integration 
p = S¥* (ri, o1; 12, 02; .. 71, 04... .0f, OF 5... Pwen) 

M Whi, G1; %e, Ga: . . Fy Oat. hy OGD =. ee) 
X dridtz.. .dryadriys...drj4dtj4,...dty (1) 


over all the space and spin variables of all the electrons, except the space and spin 


variables of electrons 7 and 7, where WV is an exact N-electron wave function for an 
electronic state of a molecule. Since VY must be antisymmetric, 


Pipi —vW, (2) 
where P;; is the space permutation operator, and p,; is the spin permutation opera- 
tor for electrons 7 and j, it follows that p is also antisymmetric: 

P ;pijp a eres (3) 


Without any loss of generality, one can write p in the form, 
n 4 
> > 


Qu Pn; 
n 1 


where 
r la(tja(yz), 
ri, Ti) [a(B(7) + B(2)a(7) |, 


ae , 


. O1 IPs. TB 1)B()), 
P4 pal?;: , i: rT; . 6 T. ¥ ) [a(2)B()) - B(t)a()) |. 


One can easily devise a spin projection operator, Q,(7, 7) that (a) simultaneously 
annihilates all the unprimed 7, 7 spin states in equations (5)-(8) except the one 
that is contained in p,, and (b) commutes with p;.. Thus 


n(t, JP iip.jp —Q,,(2, J) p, (9) 
PiiP:jPn = —DPn- (10) 
Therefore, the space part of ps is symmetric, and the space parts of p;, pe, p3; are 
antisymmetric. 
The electron spin dipolar Hamiltonian is 
; ee: a 
g°B° | 3(S;°71;)(S;-rij) | 
ae a } r,2 { 


oi 

ij 

When referred to a set of principal axes 2, y, 2, K;; can be written in the simplified 
form 





CHEMISTRY: SINGER AND ITANO Proc. N. A. S. 


g*B” | 


4° , 


] 3 
~ 9 S;-S)(] ~ 3245/7 iy") ‘i 9 SiaSj2(1 324;°/T ij") 


3 Ly? — Yuy?\) 
FB GS ix jz —_ Diy jy) Pa Y 
rij” 


In the density matrix formalism, the first-order dipolar interaction energy is 


N(N -—1) f’ 
(VY) 3|/V) = - KH, pdr dr;, (14) 


where the prime on the integration sign in equation (14) indicates that the primes 
on the primed variables are dropped before the integration operation. The first 
term in the braces in equation (13) is isotropic in the spins and obviously does 
not contribute to a zero-field splitting. The term S;,,S;, can be written thus: 


88, = Vdlbe + 3 — 1s -— S82 (15) 
S.Sn = V(S, + 8)? — Ya (16) 


The last term on the right in equation (16) is constant and does not contribute 
to a zero-field splitting. The first term on the right in equation (16) annihilates 
p, so that only components of p antisymmetric in the space variables can contribute 


to the splitting. Similar remarks apply to the last term in braces in equation (13). 


The theorem is therefore demonstrated. 
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ON THE ASYMMETRICAL DISSOCIATION OF HUMAN 
HEMOGLOBIN * 


By S. J. SINGER AND Harvey A. ITANO 
YALE lI NIVERSITYT AND NATIONAL INSTITUTES OF HEALTHT 


Communicated by J.G. Kirkwood, December 16, 1958 


INTRODUCTION 


Human adult hemoglobins (Hb) have been shown to dissociate reversibly in 
mildly acid solution into approximately half-molecules.'~* We reported recently* 
the interesting finding that when mixtures of the CO-compounds of HbA and Hbs, 
HbA and HbC, and HbS and HbC were dissociated at acid pH, then reassociated 
near neutral pH and subjected to electrophoresis, no “hybrid’’ molecules, that is, 
molecules with electrophoretic mobility intermediate between those of the parent 
molecules, were detectable. 

Of the several possible explanations which were advanced at the time to account 
for these observations, one is of particular interest here. It is known‘ that the 
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HbA molecule has four polypeptide chains of only two types and may therefore be 
represented by the formula au. The results obtained by Ingram! strongly indicate 
that HbS differs from HbA only in the substitution of a single valine residue for a 
glutamic acid residue in one of these two types of chains. Assuming that this is 
correct, we may therefore represent the HbS molecule as ssw., the u chains of HbS 
and HbA being taken as identical. If these molecules were to dissociate into non- 
identical fragments, HbA into a, + uw: and HbS into s. + w, then it is clear that, 
on recombination, no electrophoretically distinguishable hybrids would be produced, 
in accord with the experimental facts. On the other hand, recombination would 
result in an exchange of uw. fragments, which we suggested might be detected by 
appropriately labeling these units. Similar considerations apply to HbC. To 
test this hypothesis, the experiments reported in this paper were undertaken. 

The Hb molecules were labeled in two independent ways. The first method may 
be referred to as the “heme-labeling method” and is based on the experiments of 
Itano and Robinson.* If a Hb molecule with all four hemes in the CO form is 
mixed at neutral pH with a ferri-Hb molecule with all four hemes in the ferric 
state, in the absence of a small-molecule oxidizing or reducing agent no electron 
exchange occurs, i.e., the hemes remain in their original states. The hemes are 
thereby effectively labeled. The utilization of this heme labeling in exchange 
experiments is best illustrated by an example. Let us represent the fully saturated 
CO-HbS molecule by the symbol[(s — CO)s(u — CO).|**?, where the superscript 
+2 denotes the net charge of the molecule relative to a reference charge of zero on 
CO-HbA. Similarly, ferri-HbC may be represented by [(c® )o(ue)2|**, where the 
superscript @ indicates that the heme is in the ferric state, and the charge +8 
results from the fact that CO-HbC has a net charge of +4 units greater than 
CO-HbA, and each of the four ferriheme groups contributes an extra +1 charge. 
Now, if identical subunits were produced on acid dissociation of HbS and HbC 


(symmetrical dissociation), these would be [(s — CO)(u — CO)]|*! and [(e®) 


(uw) |*4, respectively. In a dissociated and recombined mixture of these two mole- 
cules, there should appear three electrophoretic components, the two original parent 
molecules and a new species, [(s — CO)(e*)(u — CO)(ue)|*® On the other 
hand, if two nonidentical subunits (asymmetrical dissociation) were produced on 
acidification (each containing two hemes, see discussion), these would be [(s — 
CO).|*+? and [(w — CO).|° for the HbS; and [(c*)2]*+® and [(w*).]*+? for the HbC. 
(The possible difference in net charge of the a and u chains in HbA cancels out for 
our purposes and is omitted here.) Recombination of a dissociated mixture should 
yield four electrophoretic components, the two original parent molecules and two 
new species, [(s — CO)o(u*).|*4 and [(e%)o(u — CO).]+*® Analogous experiments 
with other pairs of CO-Hb and ferri-Hb may be analyzed similarly. 

The second method of labeling was with C' incorporated in vivo into HbA by 
the injection of C' glycine into genetically normal individuals. Mixtures of C'- 
HbA with unlabeled HbS or with unlabeled HbC, all in the CO form, were dis- 
sociated, allowed to reassociate, and then separated by starch-block electrophoresis. 
The specific activity of the fractions was then determined. 

The results of both types of experiments show that exchange of fragments of Hb 
molecules occurs in acid solution and that each type of Hb molecule must dissociate 
into nonidentical subunits. 
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MATERIALS AND METHODS 
Heme-Labeling Experiments 


Preparation of CO-Hb and Ferri-Hb Solutions.Stock solutions of CO-Hb A, 8, 
and © were prepared as previously described.’ The stock solutions were diluted 
to 3 per cent Hb with 0.2 M7 NaCl and were dialyzed against at least three changes 
of 0.2. M NaCl under CO. To prepare ferri-Hb, the stock solutions of CO-Hb were 
diluted to 3 per cent with phosphate buffer, pH 6.8, ['/2 0.2, were oxidized with 
K;Fe(CN)¢°, and were then dialyzed against 0.2 17 NaCl under Ne. The dialyzed 
solutions of CO-Hb and ferri-Hb were stored under CO and No, respectively, at 
ae. GY 

Recombination Experiments.—The nine possible combinations of CO-Hb and 
ferri-Hb from the three hemoglobins A, 8, and C, were dissociated and recombined. 
Equivalent amounts of CO-Hb and ferri-Hb solutions prepared as described above 
were mixed and were diluted to yield 6-7 ml. of 1 per cent CO-Hb and 1 per cent 
ferri-Hb in 0.2. WM NaCl. To the mixture was added an equal volume of Na acetate 
buffer, pH 4.7, ['/2 0.2, and after 20 minutes at 22°-23° C., the solution was set 
to dialyze against K phosphate buffer, pH 6.8, ['/2 0.02 at 5° C. on a shaker. 
Neutralization was accompanied by loss of part of the hemoglobin as a precipitate, 
which was removed by centrifugation. The supernatant solution was then sub- 
jected to moving boundary electrophoresis, as previously described. Only in the 
ascending limb was adequate resolution of the components obtained. 

Electrophoretic analyses of recombined mixtures were compared with analyses of 
untreated mixtures of the same original composition and of controls prepared by 
mixing the separately acidified and neutralized CO-Hb and ferri-Hb. The net 
charge of any new component was usually estimated by visual comparison of 
patterns from the recombined and control samples. In some cases, an untreated 
sample of known identity was added to an aliquot of the recombined mixture, 
and an electrophoretic analysis was performed to aid in the identification of the 


components. 


C''-Labeling Experiments 


Preparation of C''-Labeled HbA.—In connection with other studies carried out 
by Nathan and Berlin,’ 100 microcuries of glycine-2-C'! were injected intravenously 
into subjects with myeloid metaplasia. Heparinized samples of blood were drawn 
periodically following injection and analyzed for C™ activity in hemoglobin. A 
number of such samples of O.-Hb were obtained which had been drawn during and 
shortly after the period of maximum specific activity. The samples had been 
frozen, and several samples from each of two patients were thawed and separately 


pooled. The resultant two samples were referred to as “C'-HbAI” and “C!4- 
HbAII” in our experiments. They were reduced with Na dithionite under CO, 
saturated with CO, and dialyzed against barbital buffer, pH 8.60, ['/2 0.05. 

The HbS and HbC samples were conventional unlabeled materials. 

Recombination Experiments.— After preliminary experiments were carried out to 
define the appropriate conditions, three pairs of experiments were performed. 
Each pair consisted of a recombined sample and its control. In the former, a 
mixture was made of about equal parts of C'*-HbAI or II and HbS or HbC in the 
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CO form at a total protein concentration of about 6 per cent in barbital buffer, pH 
8.60, ['/2 0.05, and two volumes of this mixture were diluted with 1 volume of 
acetate buffer, pH 4.25, ['/2 0.60 at 0° C. The final pH was close to 4.35. After 
about | hr. the mixture was set to dialyze against the CO-saturated barbital buffer. 
For the control, the same Hb components were separately brought to pH 4.35 with 
the acetate buffer and ‘ere then dialyzed back into the barbital buffer. Then 
they were mixed to give a solution as similar in composition as possible to the 
recombined sample. The details are given in Table 1. 


TABLE 1 
C'LABEL EXCHANGE EXPERIMENTS 


Hp Soiution* RE- 
; Cur coy Wi 
Vol RENT ERYT SAMPLE CouNTSs Speciric§ 
MINTURE s Typr ‘e M1 Ma Per CouNnrep Mrin.} ACTIVITY 


js 


C'M-HbATI 


Control 


Hbs 
C1/HbAI 
HbS 

¢ Control** C'-HbAII 
J HbsS 

|Recomb.  C-HbAII 
’ HbS 


206) > 
123/:% 
2008, 

105/5 


1559/75 


Recomb. 


NNW 


362 

1206 
19): 

926 


200/: 


Control** C'!-HbAII 
HbC 
[Recomb. C'+-HbAITII 

HbC 


un 


* Refers to the solution applied to the starch block. 

t+ 100 X Hb eluted from starch block/Hb originally applied to block 

¢ Corrected for background of 2.5 ¢.p.m 

§ Corrected for self-absorption 

# Sample applied to block 12 hours after mixing the two Hb at pH 8.6 

|| Approximately half of the C''-HbAT precipitated upon reneutralizing the acid-treated protein. In all other 


‘ases, less than 10 per cent of the protein precipitated 

** Sample applied to block within | hour after mixing 

These samples, after a denatured residue was removed by centrifugation, were 
then subjected to parallel starch-block electrophoretic separations (see next section). 
After elution from the starch block, the fractions were made 0.5 N in NaOH by the 
addition with agitation of 5 N NaOH. After 15 minutes standing at room tem- 
perature, the denatured Hb was precipitated with one-third saturated (NH4).SOx. 
The reddish-brown precipitates were centrifuged, washed, and centrifuged succes- 
sively with one-third saturated (NH,4).SO,, 33 per cent ethanol, 33 per cent ethanol, 
95 per cent ethanol, and ether. The powdery precipitates were air-dried. They 
were then counted by the procedure described below. 

Starch-Block Electrophoresis.—The technique followed was essentially that of 
Kunkel and Wallenius.’ In the first pair of experiments, with C'*-HbAI and HbS 
(Expts. 5 and 6, Table 1), the recombination experiment and its control were 
separated on two different starch blocks 30.5 * 20 X& 0.80 em., whereas in sub- 
sequent experiments each pair of experiments was resolved on different halves of 
the same starch block, 30.5 X 29 K 0.80em. An example of the degree of separation 
achieved is given in Figure 1. The clear CO-Hb samples, in barbital buffer, pH 
8.60, ['/2 0.05, were made into starch pastes and deposited in troughs about 12 em. 
long by 0.70 em. wide in the buffer-equilibrated starch block. The separations 
were carried out at 5° C.; other conditions of the experiments are given in Table 1. 
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f 
Fic. 1.—Starch-block electrophoresis of the CO-forms of C'!-HbAIT and HbC, Expt. 8 of Table 
1 of the text. Two parallel separations were performed: fop, the control mixture; bottom, the 
recombined mixture. Electrophoretic migration was to the right for HbA, to the left for HbC, 
the origin designated by the arrow. The brackets demarcate the zones which were eluted to re- 
cover the Hb. The optical density in this reproduction is due to CO-Hb absorption. 


At the end of the experiment, the zones of the two hemoglobins were readily 
demarcated (see Fig. 1). The zones were cut out and eluted with an equal volume 
of H,O. The recovery of each fraction was determined spectrophotometrically 
and was of the order of 60 per cent or better of the protein applied to the block. 

Counting Procedure.—The activity of these Hb samples was too low to permit 
reliable counting in the usual type of windowless counter. Dr. M. V. Simpson 
generously made available to us the low-background Geiger counter constructed in 
his laboratory.’ By means of heavy shielding and an anticoincidence circuit, the 
background of this counter could be lowered to 2.5 ¢.p.m. for routine use. 

To plate the samples for counting,’ the surface of an aluminum planchet was 
slightly roughened with carborundum. An estimate quantity of the dry protein 
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powder was transferred to the weighed planchet, and enough water was added to 
make a slurry which could be evenly distributed over an area of 2cm?. The planchet 
was then dried under a heat lamp and reweighed. Close to 7 mg. of protein was 
usually deposited. The specific activity values obtained were corrected for self- 
absorption to zero sample thickness. 


RESULTS 
Heme-Labeling Experiments 


Stability of Heme-Label.--Acidification and neutralization of either CO-Hb or 
ferri-Hb alone did not result in any new electrophoretic components. Any com- 
bination of CO-Hb and ferri-Hb prepared by mixing separately acidified and neutral- 
ized components yielded the same electrophoretic patterns as did untreated mixtures 
of the same components. These results demonstrate that no electron exchange, 
with consequent loss of the heme-label, occurs in these experiments. In other 
words, a particular heme group initially labeled by binding with CO or by oxidation 
to the ferric state remains in this condition throughout the recombination experi- 
ments. 

Recombination of CO-Hb and Ferri-Hb of Same Hb Type.—The three mixtures, 
CO-HbA and ferri-HbA, CO-HbS and ferri-HbS, and CO-HbC and ferri-HbC, 
were studied. In each pair the net positive charge of the ferri-Hb is four units 
greater than that of the CO-Hb at acid pH, and the two forms are easily resolved 
by electrophoresis.£ Recombination in each case resulted in three electrophoretic 


components (see Fig. 2)—the two original ones and a single new component with 


+8 


Fic. 2. Moving-boundary elec- 
trophoresis of control and recom- 
bined mixtures of CO-HbC and 
ferri-HbC. The arrows indicate the 
direction of migration. 


—_— —_— 


Control Recombined 


mobility about halfway between those of the parent species. Although these 
results do not distinguish between symmetric or asymmetric dissociation of Hb, 
they demonstrate that the new component contains two CO-hemes and two ferri- 
hemes. Each of the subunits produced by acid dissociation of Hb must therefore 
carry heme groups. Furthermore, the absence of the two other components with 
mobilities one-fourth and three-fourths the way between the parent molecules 
demonstrates that no appreciable dissociation into single chains occurs under these 
conditions. 

Recombination of CO-Hb and Ferri-Hb of Different Hb Type.—The six possible 
mixtures of COHb and ferri-Hb of different pairs of HbA, 8, and C were examined. 
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SINGER AND ITANO Proc. N. A. S. 
The results are summarized in Table 2. 
Consider the case of the CO-HbS and ferri- 
HbC mixture, discussed in the introduction. 
The four electrophoretic components ob- 
served upon dissociation and recombination 
(Fig. 3) 
asymmetric dissociation of Hb and are in- 
consistent with 
The same conclusion is derived from the five 


are exactly those expected for 


symmetrical dissociation. 


other experiments. 
C'-Labeling Experiments 

The results of the parallel experiments 
listed in Table 2 clearly indicate that ex- 
change of some of the C™ activity of CO- 
HbA occurs to CO-HbS and CO-HbC upon 
acid dissociation and recombination.’ In 
each experiment the specific activity of the 
originally unlabeled Hb rose appreciably and 
that of the HbA decreased by about the 
same amount. These differences were well 
outside the experimental errors involved in 
the starch-block separations and in the 
counting procedures. 

That exchange occurs, but no electro- 
phoretic hybrid molecules form, on dissocia- 
tion and recombination of pairs of different 
CO-Hb proves that the Hb molecules dis- 
sociate asymmetrically. If the HbA is as- 
sumed to have been uniformly labeled in 
the a and wu chains and complete equilibra- 
tion of the Hb fragments occurred, the ratio 
of the specific activity of the recovered HbS 
or HbC fraction to that of the original C!- 
HbA would be given by (1/,,/.q)p, where 
M,, and My, are the molecular weights of 
the uw. fragment and of the intact Hb mole- 
cule, respectively, and p is the ratio of 
C'*-HbA to total Hb in the original mix- 
ture. If the w. fragment is assumed to rep- 
resent about half the Hb molecule and p = 
0.5, the specific activity of the recovered 
HbS and HbC fractions should have been 
about 25 per cent of the original C'-HbA 
activity. In the three experiments, 5-6, 7, 
and 8, this activity was 25, 19, and 17 per 
cent, respectively, in reasonable agreement 
with expectations. 
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DISCUSSION 

The Structure of Hemoglobin.—Two major structural conclusions are required by 
these results: (a) in mildly acid solution, the Hb-molecule dissociates into non- 
identical subunits, each containing two identical polypeptide chains, and therefore 
in aqueous solution the binding between identical chains is stronger than between 
unlike chains; (b) each subunit contains two hemes, and therefore a single heme is 
associated with a single polypeptide chain, and a dyad axis of symmetry! * relates 
the two heme-chain units within the subunit. 

One of the most interesting properties of Hb is the sigmoid character of its Ov- 
binding curve, showing that interactions exist among the heme groups of a Hb 
molecule. Wyman and Ingalls,'!? studying the Os. binding of horse Hb in strong 
urea solutions, in which the Hb molecule is split into two fragments, concluded 
that the four hemes occur in pairs, with strong interaction between members of 
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Fic. 3.—Moving-boundary elec- 
trophoresis of control and recom- 
bined mixtures of CO-HbS and 
ferri-HbC. The arrows indicate the 
direction of migration. 
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the same pair and weaker interaction between members of different pairs. However, 
we may ask the question, Which hemes are paired? If horse Hb in urea dissociates, 
as does human Hb in mild acid, into nonidentical subunits, then we conclude that 
the strong interactions exist between equivalent hemes, that is, those related by 
the dyad axis of symmetry in the intact molecule, and the weak interactions are 
between the nonequivalent hemes. 

St. George and Pauling'® suggested, on the basis of experiments on the binding 
of alkyl isoecyanides to Hb, that the hemes are somehow buried within the Hb 
molecule. It has been found by Reichmann and Colvin’ that heme tends to 
stabilize the horse globin molecule against the dissociation into single chain fragments 
which occurs at low pH. A structure consistent with these and our results might 


have the two equivalent hemes sandwiched between the two identical chains of 


each subunit on the Hb molecule, perhaps contributing to the free energy of binding 
of the two identical chains. The binding of OQ. or some other ligand by one of the 
equivalent hemes might separate the chains slightly'* or might otherwise alter the 
environment around the other member of the heme pair, to permit the latter to 
bind the second ligand more readily. Conversely, however, the binding of a 
ligand such as ¢-butyl isocyanide to Hb might facilitate the dissociation of the Hb 
subunits into single chains, an effect which, to our knowledge, has not yet been 
investigated. 

The Biosynthesis and Genetics of Hemoglobin. The currently accepted working 
hypothesis for the biosynthesis of proteins is that a polypeptide chain is in some 
manner synthesized on a ribonucleic acid (RNA)-containing nucleoprotein template, 
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organized into microsomes, the RNA having its structure in some way determined 
by deoxyribonucleic acid (DNA)-containing nucleoprotein, organized into genes 
and chromosomes. Since there are two different kinds of polypeptide chains in 
each Hb molecule, the question arises as to what biosynthetic and genetic relation- 
ships exist between them. Are the two kinds of chains synthesized on two con- 
tiguous templates, or on two entirely independent ones? In what state are the 
synthesized chains released from the template: as single chains, as subunits, or 
as intact Hb molecules? Are the two kinds of chains under the control of a single 
genetic locus or of two entirely independent ones? 

Our experimental observations bear most directly on the second of these three 
questions. It appears unlikely that single chains are synthesized and then released 
into the cytoplasmic solution of the red cell. If this were the case, then within 
sickle trait cells there should be formed some as subunits through collisions of single 
aand schains.” This would result in the production of some asus hybrid molecules, 
which would be detectable electrophoretically. In faet, such hybrids are not 
observed.'® On the other hand, our findings indicate that if, after synthesis, two 
identical chains were to combine on or near the template to form a subunit!” and 
the subunits were afterward released into the cell, then, by combination of two 
unlike subunits, intact Hb molecules would form spontaneously at the pH of the 
red cell. So long as the amount of wv. subunits in the cytoplasmic solution of a 
sickle trait cell, for example, was equivalent to the sum of the amounts of a2 and 
so, the intact molecules HbA and HbS would be produced without the intervention 
of further biosynthetic processes. In other words, it is not required, from this 
point of view, that intact Hb molecules be synthesized before being released into the 
cell. It follows, then, that the two types of chains might conceivably be synthesized 
entirely independently and might be under independent genetic control. 

However, the postulate of independent synthesis of v2, on the one hand, and of 
a, and its mutant analogues, on the other, is not adequate to explain the apparent 
balance which exists in the net synthesis of the two types of chains. For example, 
the amount of total Hb per cell is usually low in HbC disease. Here subnormal 
synthesis of ¢2 subunits, also evident in HbC trait,!* is balanced by a corresponding 
decrease in net synthesis of ws. If uw. synthesis were independent and normal, an 
excess of us should result, and the apparent absence of half-molecules in hemolyzates 


at physiological pH'® suggests either that the excess subunits are destroyed or that 


the sites of synthesis of the two chains interact in such a way as to produce sub- 
units in equal amounts. 

The simplest mechanism to account for such an interaction is that the two unlike 
subunits are synthesized on two contiguous templates and that the release of the 
subunits does not occur until they combine to form intact Hb molecules. In 
such a case, either two templates derived from independent genetic loci might unite 
in the cytoplasm, or a single locus (i.e., a contiguous segment of DNA) might 
contain information corresponding to a template on which both chains are synthe- 
sized.”° 

It is conceivable that two independent genetic mutations might occur in the 
same chromosome population corresponding to the two types of Hb chains, resulting 
in the synthesis of an abnormal a-type chain (denoted by s) together with an ab-' 
normal u-type chain (denoted by v). Some of the questions raised in this section 
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could be settled by the study of the Hb from a heterozygous cell bearing one normal 
and one such doubly abnormal chromosomal complement, synthesizing all four 
chains a, s,u,andv. If the subunits ae, s2, v2, and v2 were synthesized independently 
and released into the cell, four types of intact molecules—aste, dov2, Sole, aNd Sov» 
should be formed within the cell. On the other hand, if the intact Hb molecules 
were synthesized on a contiguous template and then were released, only the 
molecules ast. and s2v2 should be found in the cell (provided that the rate of exchange 
of subunits in solution in the red cell were sufficiently slow), but on acidification 
and reneutralization of the Hb, all four types of Hb should appear. 

Analogous phenomena may be involved, in at least some instances of hetero- 


caryon complementation in Neurospora.”"» *? Giles, Partridge, and Nelson*! have 
reported that, with certain mutants unable to grow in the absence of adenine for 
lack of adenylosuccinase activity, combinations of pairs of mutants are able to 
form heterocaryons which do exhibit adenylosuccinase activity. In certain of the 
heterocaryons, about one-quarter of the enzyme activity of the wild type is produced. 
As the simplest postulate, we might assume that the molecule of adenylosuccinase 
contains two polypeptide chains and that the synthesis of each chain is controlled 
by a different genetic locus, say Ad’ and Ad’. Mutants might then be expected 
which were defective at one or the other locus. Such mutants singly would synthe- 
size one chain which was normal, the other defective, and no active enzyme would 
result on combination of the two chains. In a heterocaryon, however, produced 
from one mutant defective at the Ad’ locus and one at the Ad’ locus, both normal 
and defective forms of both types of chains would be produced, and, on combination 
of these chains, one-quarter of the resultant molecules would be enzymatically 
wild type. 

It was reported?! that when extracts of each of the two complementing mutants 
grown independently were mixed, no adenylosuccinase activity was found. If 
the postulated two chains of each molecule did not dissociate appreciably under 
the conditions of the mixing experiment, no activity would be recovered. On the 
other hand, if conditions were found such that reversible dissociation was produced 
in such a mixture, active enzyme might be obtained, by analogy with the experi- 
ments we have performed with Hb mixtures. 


SUMMARY 


We have shown that human adult hemoglobin dissociates in mildly acid solution 
into two nonidentical subunits, by means of labeling experiments with mixtures of 
HbA, S, and C. The Hb was labeled either (1) in the heme groups by the binding 
of CO or by oxidation to ferri-heme or (2) in the polypeptide chains by incorporation 
of C4. By both methods, exchange of label in the Hb mixtures was observed which 
Was consistent only with asymmetrical dissociation of the Hb. The significance 
of these findings in connection with the structure of the Hb molecule and with 


problems related to the biosynthesis and genetics of Hb was examined. 

We are deeply grateful to Drs. David G. Nathan and Nathaniel I. Berlin, of the 
National Cancer Institute, for their generosity in supplying us with samples of 
C'-HbA; to Dr. Melvin V. Simpson, of Yale University, for his invaluable help 
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in connection with the C' counting experiments; and to Dr. Norman H. Giles, 
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EFFECT OF ELECTRIC FIELD ON EQUILIBRIUM SEDIMENTATION OF 
MACROMOLECULES IN A DENSITY GRADIENT OF CESIUM CHLORIDE 
; By STEPHEN YEANDLE* 


JENKINS LABORATORY OF BIOPHYSICS, JOHNS HOPKINS UNIVERSITY 
Communicated by H. K. Hartline, December 17, 1958 


Recently, Meselson, Stahl, and Vinograd have reported on an ingenious method 
for determining the molecular weight of DNA and for separating DNA molecules 
of different molecular weight.! Their method involves the observation of the 
equilibrium distribution of DNA in a density gradient produced by a gravitational 
field, created by an ultracentrifuge, acting on a concentrated solution of cesium 
chloride. Their experimental results showed that at equilibrium the DNA formed 
a small band in the centrifuge cell. Within the band the DNA concentration was 


distributed in a Gaussian fashion with respect to distance along the centrifuge cell. 





VoL. 45, 1959 CHEMISTRY: S. YEANDLE 185 


The width of this band was small compared both to the dimension of the centrifuge 
cell and to the distance of the middle of the band from the center of rotation of the 
ultracentrifuge. 

These authors also derived theoretically from thermodynamics the expected 
distribution of a macromolecular species of given molecular weight and partial 
specific volume. In their derivation they included the diffusion and gravitational 
forces but excluded the electrical forces acting on the macromolecule. The results 
of their calculation showed that the function relating the concentration of the 
macromolecule to the distance from the center of rotation of the centrifuge was 
indeed a Gaussian function whose parameters depended on the molecular weight 
and partial specific volume of the macromolecule, in agreement with their experi- 
mental results. 

However, it would probably be of general interest to have a derivation which 
included the electrical forces acting on the macromolecule. It will be shown that 
the macromolecular concentration remains a Gaussian function of distance from 
the center of rotation when the electrical forces are included but that the param- 
eters of the Gaussian are functions not only of the molecular weight and partial 
molar volume of the macromolecule but also of its charge, and the charges, molecu- 
lar weights, and partial molar volumes of the ions of the highly soluble salt pro- 
ducing the gradient. 

In this derivation certain assumptions, listed below, will be made to facilitate the 
calculations. 

1. Electrostatic neutrality will be assumed to be approximately preserved 
throughout the centrifuge cell. 

2. The activity coefficients of cesium and chloride ions will be assumed to 
change very slowly with concentration in the region of the macromolecular band. 

3. The charge, molecular weight, partial molar volume, and activity coefficient 
of the macromolecule will be assumed constant throughout the band. 

t. The width of the macromolecular band will be assumed small compared to 
the distance of the band from the center of rotation of the centrifuge. 

5. The width of the macromolecular band will be assumed small so that the 
density in the region of the band can be approximated by the first two terms of 
a Taylor expansion about some point in the band. 

6. The concentration of the macromolecule is assumed sufficiently small that 
it does not influence the density of the solution. 

7. The fluid in the centrifuge cell will be assumed sufficiently incompressible 
that the concentration depends only on the composition and not on the pressure. 

The condition for equilibrium in the presence of a gravitational and electrical 
field is that the equation 


dy; + M do 1 2Fdy = 0 (1) 


holds at any point in the system for each species 7.2. The quantities w;, 7, and 2; 
are, respectively, the chemical potential, molecular weight, and charge of species 7; 
¢, v, and F are the gravitational potential, the electrical potential, and the value 
of the Faraday, respectively. This equation results from the condition that the 
diffusion, gravitational, and electrical forces must add to zero at equilibrium for 


each molecular species. Here yu; is a function of only 7, the temperature, P, the 
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pressure, and the mole-fractions, NV 
At constant temperature, 


Oui — [ Op: : 
dy; ( *) dP 4 Z; ( x | dN;. (2) 
OP] 7, Ny-n; 5 \ON;/r, p, yy 


We adopt the convention that DX is the differential of a variable X keeping the 
pressure constant, so the Du; is the second member of the right side of (2). 

Kither from a consideration of the hydrostatic equilibrium that must prevail 
in the centrifuge cell or from the Gibbs-Duhem relation, it can be shown that 


dP —~(p(viddo + p.(a)dw), (3) 


where p(x) and p,(x) are the density of the solution and net electrical charge density, 
respectively, at a distance x from the center of rotation of the centrifuge. If we 
assume that electrical neutrality is everywhere approximately preserved 
so that p(ajdd > p,(x)dv, then dP p(vjdd. Also it is well known that 
(Ou;/OP) 7, n,-..n v;, Where pv; is the partial molar volume of species 7. Sub- 
stituting these considerations in equation (1), we have 


Du r CM, mm Oe PU \dod + zFdwv = (), (4) 


For the case under consideration the salt producing the concentration gradient, 
CsCl, is made up of cations and anions of unit charge. Writing equations (4) for 


the anion and eation of CsCl, we find 
Du. + (M. — pl(x)v.)do + Fdv Du, + (M, — p(x)v,)dod — Fdl’ = 0. (5) 


The subscripts a and ¢ refer to the anion and cation, respectively. Solving for dv, 


dw = (Dug — Du) + [((M, — M2 — (e% — 0.) p(x) |do}. (6) 
For both the anion and the cation Du = RTD In XC, where X is the activity coeffi- 
cient and C the concentration. At normal temperatures and pressures it has been 
found that the mean activity coefficient of the salt, CsCl, changes very slowly 
with the concentration at high concentrations of the salt. This probably means 
that the activity coefficients of the individual ions, Cs and Cl, also change very 
slowly with concentration, and this is very likely true in the ultracentrifuge cell, 
even though the pressure here is considerably above normal. It will be assumed 
that for both anion and eation D In X can be negiected in equation (6) and that 
this approximation will not appreciably affect the nnal answer for the macromo- 
lecular distribution. Because electrostatic neutrality is approximately preserved and 
the macromolecule concentration is small compared to the salt concentration, C, = 


(.. This means that Du, & Du,, so that 


l 
dw OP ((M, — M,) — (v¢ — 0,) p(x) |dd. (7) 


The fact that the CsCl is much more concentrated than the other components 
thus leads to a convenient formula fordw. Letting Wy = M, — M,and vg = v, — 2, 
and remembering that dé for the ultracentrifuge is —w*rdav, we get, upon substitut- 


ing (7) into the equation (4) applying to the macromolecule, 
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Du, = \(M, + 2pMa/2) — (vp + Zp0a/2) p(x)! w2xdz, (8) 


where the subscript p refers to the macromolecule. Since the DNA bands over 
a small region of the centrifuge cell p(x) can be approximated by [dp(x)/dx],,(2 — 
Xo) + p(xo), where 2» is taken near the center of the band.! Also Du, = RTD In 
ApCp, Where A, and C, are the activity coefficient and the concentration of the 
macromolecule, respectively. A, is probably determined mostly by the salt 
concentration, which changes very little over the macromolecule band, so that 
Du, = RTd In C,. 
Making these assumptions and integrating (8), one finds 


RT In [((Cp)2/(Cp) 2] = [Mp + 2pMa/2) — (vp + Zpva/2) p(20) lw? [2 — x0] X 

[(a — 2o)/2 + ao] — (Up + Zpta/2)(dp(x)/dx),,w? [x — ao]? [(x@ — ro)/3 + aof/2]. (9) 

Following Meselson et al., the width of the macromolecule band is assumed to 
be much smaller then the distance of the band from the center of rotation, so that 
t= Bat <= =f. 

Making these approximations and completing the square of the resulting expres- 
sion yields 

(Cyr, Exp | a@?/20?2 — (1/207) [(x — xo) — al?t, (10) 
where 
My, + 2pMa/2 — (vp + Zpva/2) p(x0) 
(Up + Zpva/2)(dp/dzx),, 


RT 
(Up + Zpta/2)(dp/dx) wx 


9 


Co = 


If xo is taken exactly at the center of the band, then @ must be zero, which means 
that 


M, + 2pM,/2 - (Up + Zpa/2) p(x) 0. (11) 


In order to use equations (10) and (11) to determine the molecular weight of the 
macromolecule, one must know p(x) and (dp/dxr),,. These quantities can be 
estimated theoretically from the following equation :4 


2RT(d In X\4.Cesci/dz) (Meier — Vescip(x)) wx, (12) 


where Ay = (A,A,) and Mesc: and vesc; are the molecular weight and partial molar 
volume of CsCl, respectively. This equation can be integrated numerically, since p 
and \ as functions of C are known experimentally. The constant of integration is 
determined by the total amount of salt in the cell. One can also determine p(z) 
experimentally in the cell by optical methods. 

To find the molecular weight for the macromolecule take x) at the center of the 
band so that (11) holds. v, + z,r4/2 is caleulated from a measurement of the 
standard deviation, o, of the band. This value for v, + 2,0a/2 is substituted in 
equation (11) and M, + 2,M,/2 calculated. If z, and WM, are known, M, can be 
determined. Unfortunately, z, is not known in general, but the error made in 
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the case of DNA by setting z, equal to 0 in the above equations can probably be 
ignored, as shown below. 

At the high concentration of CsCl used, the Cs and Cl ions are very likely not 
hydrated, so that Ma is merely the difference in atomic weights of Cs and Cl, 
which is —97.45. For DNA there is about one negative charge per nucleotide 
unit, and the molecular weight of a nucleotide unit is about 330. If every charge 
on the DNA is unbound, which is very unlikely, then M/,z,/2 is about 15 per cent 
of M,. In doing the above calculation, if the charge is ignored, which is equivalent 
to setting z, equal to zero, some error will be made in determining the molecular 
weight of DNA, but it will be no more than 15 per cent, and, in all probability, it 
will be considerably less, since a good fraction of the charges on the DNA are, 
no doubt, bound. 

Although ignoring the charge introduces a small error, there is another problem 
which might cause difficulty. Meselson et al. have suggested that the Cs ion might 
be bound to a good fraction of the negative charges which would increase the 
molecular weight of the DNA. However, if the negative charges bound the Mg 
ion or the H ion more strongly than the Cs ion, variation in pH or Mg ion concen- 
tration might conceivably change the number of Cs ions bound and thus change the 
apparent molecular weight of DNA. Experiments involving such changes might 
give a clue as to the importance of Cs binding by the DNA. 


The author would like to thank Drs. J. G. Kirkwood, F. D. Carlson, C. A. 
Thomas, and L. G. Longsworth for helpful discussion during the preparation of 
this paper. 
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THE MUTATION RATE IN DROSOPHILA AFTER HIGH DOSES OF 
GAMMA RADIATION* 


By P. T. Ives 
DEPARTMENT OF BIOLOGY, AMHERST COLLEGE, AMHERST, MASSACHUSETTS 
Communicated by Curt Stern, December 15, 1958 


The experimental findings of many people during the past 30 years have estab- 
lished that the relationship between mutation rate and irradiation dose under 
standard conditions in the mature sperm of Drosophila melanogaster is generally 
linear in the 25 r to 6k r range of ionizing radiation, with an increase of 2-3 per cent 
per kr. Higher doses of X-rays decrease the fecundity or fertility of irradiated 
males and their F; so much that it has proved impractical to use them in mutation- 
rate studies. The effects of higher doses of cobalt-60y-rays seem to be less severe. 
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It is the purpose of this report to present data showing the relationship between 
the sex-linked mutation rate and y-ray dose at seven radiation levels in the 300 r 
to 12.5 kr range, with three of the levels above 6 kr. Other data, collected con- 
currently, from a similar study of the rates of visible mutations, chiefly autosomal 
dominants, at ten levels of radiation in the 500 r to 10 kr range, will appear 
separately. 

In this study use was made of an inbred Oregon-R wild-type stock and the Base 
(Muller-5) marker stock. Wild-type males, raised at 25° C., were collected within 
12 hours after eclosion and were aged for 2 days, apart from females. Following 
irradiation at intensities of 10 r per minute in the 300 r tests and 150-200 r per min- 
ute for higher doses, with weekly adjustments for cobalt-60 degradation, the males 
were mated immediately to Basc females for a 3-day period. In the tests of doses 
under 6 kr these males were mated singly to groups of three females, and records 
were kept of mutation production by each male in order to eliminate the occasional 
large clusters of mutations not caused by the radiation treatment. Numbers of 
F, tested from each male ranged from 27 in the 300 r series to an average of 12 at 
5 kr. At higher doses, two or three males were mated together with five Base 
females, since fecundity was low enough to negate cluster effects at mutation rates 
above 10 per cent. 

Instead of mating the F, females to their siblings, they were mated to stock 
Base males which had no radiation history, first in a mass mating for 2 days, with 


up to 30 pairs per culture of fresh heavily yeasted medium, and then in single-pair 


matings. These modifications of the usual breeding scheme eliminated a large part 
of the sterility generally encountered in the F,; matings of high-dosage tests.' 
Sterility in these matings in the 12.5 kr series was only 11 per cent, even though the 
average parental mass mating yielded less than five F; females for testing. 

The F, were scored for three types of mutations: lethals (no non-Base males, total 
vield of 25 or more F; flies) ; semilethals (up to 9.9 per cent non-Base males in a total 
count of at least 100 F. and F; together) and easily seen visible (phenotypic) mu- 
tants with less extreme effects on viability than that found in the semilethal elass. 

The F, data are summarized in Table 1. For each radiation level, at least 1,202 


TABLE | 
THe Rate or Mutant X-CHROMOSOMES AFTER y-RADIATION 
Tests Total Visibles Semilethals th Pert ‘ent 
10,521 é 0 3 
oY) 0.00 0.03 
19,780 ox 6 
o 7 0.03 
5, 632 de t 
q ; 0.07 
2,094 8 6 
// 0.2 
2,508 : 


, 209 
, 202 
, 903 


0.3-12.5 total... Oe 
Per cent of total j 8 Prob. 
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fertile tests were scored, and at least 112 lethal mutations were observed. The 
lesser amount of lethals in the control data (0 kr) is sufficient to indicate that this 
Oregon-R stock had a low spontaneous mutation rate comparable to that found 
in most similarly inbred stocks in recent years. In the total of all radiation series 
the percentages of lethals, semilethals, and visibles are similar to those reported 
earlier,’ and these proportions did not change to any large extent as the radiation 
dose increased. The numbers of semilethals and visibles are insufficient for fine 
analysis, but it appears likely that the rates of all three types of mutations in- 
creased with dose, at high as well as low doses. 

In order to determine whether the frequencies of lethal chromosomes should be 
plotted as a simple straight line or as one incorporating a Poisson accumulation of 
lethal genes, the lethal chromosomes from the 12.5 kr and 0.3 kr series, together 
with lethals accumulated from other 300 r tests, were analyzed genetically by 
crosses with y ct ras f, as in earlier studies.** Those chromosomes showing re- 
duced crossing over were then tested genetically for translocations with each of the 
autosomes. Cases showing no translocation were scored as presumed inversions 
in the X-chromosome on the basis of an earlier cytological confirmation of similar 
presumptive results.° The distribution of lethal loci in the X-chromosome in these 
two radiation series, together with the comparable information from the nonradi- 
ation control lethals of the mutator series,® will appear elsewhere. Those data 
pertinent to the present Poisson problem are given in Table 2. 


TABLE 2 
ANALYSIS OF LETHAL CHROMOSOMES 
Series Chrom’'s Norm ¢.0. No le 2 le Abn. ¢.o. Per Cent Ts In’s 
Control 351 332 0 1 19 é 0 13 
300 r 351 334 0 2 17 - 6 9 
12.5 kr 343 203 3 20 140 ; 69 64 


As suggested earlier,’ it is possible that the frequency of recovered lethal chromo- 
somes might be influenced as much by the accumulation of two or more independ- 


ently occurring but complementary nonlethal mutations with a combined lethal 


effect as by the accumulation of two or more independently lethal mutations per 
lethal chromosome. These two phenomena, with opposite effects on the rate-dose 
relationship, should occur each in a Poisson series with increasing mutation rate. 
Crossover counts in the present tests in the y-f region were large enough to detect 
two independent lethal genes 10 units or more apart on a chromosome with normal 
crossing over and, similarly, to separate two complementary genes five or more units 
apart in any region of the chromosome. The number of each of these two kinds of 
lethal chromosomes is indicated in Table 2 under “No le’”’ (complementary effect of 
two nonlethal genes) and ‘2 le’? (more than one lethal gene). Neither type oc- 
curred often enough to be of importance to the observed frequency of lethal chromo- 
somes in the control and 300 r series, which is in accord with genetic expectation. 
In the 12.5 kr series 203 chromosomes with normal crossing over (‘‘Norm ¢.o.’’) 
showed 20 double lethals and only 38 complementary cases. This suggests that a 
Poisson-like accumulation of independent lethal mutations does occur at high 
mutation rates after high doeses of y-rays and that complementary lethals occur 
too infrequently to be of statistical importance. 
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The further information in Table 2 shows that the proportion of lethal chromo- 
somes with reduced crossing over (‘Ab ¢.o.’’) was eight times higher in the 12.5 kr 
series than in the other. These cases are presumed chromosome aberrations. 
Since the proportions in the control and 300 r series are quite similar, as were also 
the average mutation rates, the data of the 300 r and 12.5 kr series are not suitable 
for the direct application of the general rule that such aberrations oceur at a rate 
which increases as the 1.5 power of the dose. At the same time the data cannot be 
said to be inconsistent with that rule. The translocation (‘Ts’’) and presumed inver- 
sion (“‘Jn’s’) data in Table 2 suggest that translocations occur relatively more 
frequently in radiation-induced aberrations than in spontaneous aberrations, but 
the amount of data in the control tests, only 13 analyzed cases, is too small to make 
this a reasonably certain conclusion. 

The finding of 20 lethal chromosomes, each with two or more lethal genes, among 
the 203 lethal chromosomes which showed normal crossing over suggests that 
10 per cent of the lethal chromosomes in the 12.5 kr series are of this type. On this 
basis it is possible to estimate that 34 of the total 348 tested chromosomes carried 
two or more lethal genes. However, applying the 10 per cent estimate in this 
manner is based on the assumption that there is the same likelihood of a second 
lethal in the 140 gross-aberration lethal chromosomes as in the 203 simple lethal 
chromosomes. The 10 per cent estimate may apply to the translocation cases, since 
those lethal chromosomes also carry a minimum of one mutant region. But the 
64 inversion chromosomes must each have a minimum of two affected regions, and 
the chance that both regions contain a lethal gene must be something greater than 
the 10 per cent estimate obtained from the 203 simple lethal chromosomes. At 
the same time, not all inversion cases can be assumed to carry two or more lethal 
mutations, for some semilethal and visible mutations proved to be nonlethal chromo- 
some aberrations in the crossover tests. Unfortunately, no systematic test was 
carried out for inversions in the 1145 nonlethal 12.5 kr chromosomes. 

If one assumes that 25 per cent, instead of 10 per cent, of the 64 inversions 
(minimum number) noted in Table 2 carried more than one lethal mutation, this 
increases the total of such instances from 34 to 44 in the 343 lethal chromosomes. 
faising the assumption to 50 per cent increases the number to 60, and at 75 per 
cent it is 76. The Poisson expectation is 51 cases of more than one lethal muta- 
tion in the 348 chromosomes. The 25 and 50 per cent values are each a reasonable 
fit to that number, with P values of 0.28 and 0.16, respectively. The 10 and 75 
per cent numbers differ from the Poisson number by P values of 0.01 and 0.0003, 
respectively. 

These considerations do not prove or disprove that a Poisson accumulation of 
lethal gene mutations took place in these lethal chromosomes. They do suggest 
what proportion of the inversion chromosomes would have to carry two or more 
lethal genes to bring the total number of such cases in the 343 chromosomes into 
reasonable fit with a Poisson accumulation. Since that proportion is considerably 
less than 100 per cent and much above the 10 per cent observed in simple lethal 
chromosomes, the author interprets this to indicate that a Poisson accumulation 
is the most reasonable assumption to use in plotting the lethal mutation-rate data 
of Table 1. This is done in Figure 1, using Molina’s tables® and an average muta- 
tion rate increase of 2 per cent per kr. The per cent of lethals expected at each 
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dose on a Poisson basis (P per cent) and the chi-square values for each point are 
included in Table 1. Taken together with the probability value of 0.58 for the 
total, they indicate a good fit between observation and expectation. 

It is also true that the points for observed values in Figure 1 can be fitted to a 
simple straight line instead of to a Poisson curve, using an increase of 1.85 per cent 
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lethal chromosomes per kr, with a P value of 0.83, approximately. It is only at 
percentage points well above those encountered here that a Poisson line differs 
notably from a straight line. It seems to be more realistic, however, to use the 
Poisson line in the present instance. 

In any case, the relationship between mutation rate and dose is clearly linear 
throughout this broad dosage range, whether one uses a Poisson line or a simple 
straight line, in spite of the fact that at 12.5 kr nearly 50 per cent of the lethal chro- 
mosomes represent complex genetic changes, while at 300 r only 5 per cent appear 
to carry a mutation involving more than one short region in the chromosome. 
This interesting aspect of the problem will be considered further in a later discussion 
of dominant visible mutation rates. 

Summary.—Data are presented from a study of the sex-linked mutation rate 
in mature sperm of D. melanogaster at seven dosage levels of cobalt-60 y-radiation 
in the 300 r to 12.5 kr range. Lethal chromosomes from the lowest and highest 
doses were analyzed genetically, and the results are compatible with the inter- 
pretation that a Poisson-like accumulation of lethal mutations occurred through- 
out this dosage range, with an average increase of 2 per cent lethal mutations per kr. 

* This work was done under Contract AT(30-1)-930 with the United States Atomic Energy 
Commission. 
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ON A MECHANISM OF SUPPRESSOR GENE REGULATION OF 
TRYPTOPHAN SYNTHETASE ACTIVITY IN NEUROSPORA CRASSA* 
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Communicated by B. H. Willier, December 22, 1958 


There is abundant evidence that the potential of a cell to synthesize a specific 
enzyme is primarily under the control of a single genetic locus.''? However, re- 
peated instances have been found in which modifier genes, called ‘suppressors,”’ 
exert a profound effect on enzyme activity in certain mutant cells.*~* It is known, 
for example, that specific suppressor mutations are capable of partially restoring 
enzyme activity in mutants which lack this particular activity.*® These sup- 
pressor genes are distinct from the original enzyme locus, and, as is often the case, 
there is no linkage between the two loci.* Furthermore, the suppressor genes do 
not seem to be duplications of the original enzyme locus, for the suppressors often 
act in combination with certain mutant alleles only. Consequently, it seems 
quite clear that a number of genetic regions may be capable of controlling the ap- 
pearance of a single enzyme activity. 

This paper is concerned with a discussion of the nature of suppressor gene con- 
trol and, in particular, with whether it exists at the level of enzyme formation, either 
qualitative or quantitative, or of enzyme function. The basic problem would seem 
to hinge on the relative contributions of the original enzyme locus and the sup- 
pressor loci to the structure of the enzyme. If it were to be found in a given in- 
stance that the responsibility for the determination of enzyme structure residues 
entirely at a single locus, then an explanation of suppressor gene action would 
have to be sought in terms of those factors which may regulate the expression of 
enzyme activity. 

An effort will be made here to review some of the results obtained by workers in 
several laboratories, who have been studying a particular mutant-suppressor sys- 
tem, the fd system in Neurospora crassa and Escherichia coli. Some new evidence 
will be presented which suggests that, in at least one case in Neurospora, suppressor 
gene action is not concerned with providing genetic “information” essential for the 
synthesis of a structurally normal enzyme. 

Experiments with Neurospora and EF. coli have shown that certain tryptophan- 
requiring (¢d) mutants which are unable to utilize indole for growth and which lack 
tryptophan synthetase activity form, instead, a protein (CRM)* which is anti- 
genically similar to the enzyme.”~'? Although immunological experiments’ have 
failed to reveal differences between the CRM proteins of different td mutants, 
recent enzymatic studies'*~'® suggest that characteristic differences may be pres- 
ent. It has been found that the CRM proteins of certain td mutants of FL. coli'"® 


18 


and Neurospora are able to catalyze indole formation from indole glycerol 
phosphate as well as to synthesize indole glycerol phosphate from indole and triose 
phosphate. However, such CRM proteins are unable to catalyze a reaction with 
L-serine in the step necessary for tryptophan synthesis."® ' '§ In some of the 
td mutants the CRM proteins have lost all their enzymatic activity, failing even 
to react with indole or indole glycerol phosphate.'® It appears most likely, there- 


193 











194 GENETICS: T. SUSKIND AND KUREK Proc, N. A. §. 


fore, that the CRM proteins in the éd mutants represent a spectrum of character- 
istic genetically altered tryptophan synthetase molecules in which one or more 
catalytic properties of the normal enzyme have been modified or lost.'+ '4~' 

The relationship between fd mutant suppressibility and the presence of a CRM 
protein is of particular interest. One might reasonably ask whether the action of a 
suppressor gene which restores tryptophan synthetase activity in a certain ¢d mutant 
is contingent on the presence of a CRM protein. While ¢d-suppressor mutations 
have not been demonstrated in every CRM-forming mutant, all the suppressible 
mutants of Neurospora so far tested form a CRM _ protein.'® '? Those mutants 
which do not form CRM appear to be unsuppressible."” |! ' ' Mutant. strains 
which contain low levels of tryptophan synthetase activity following the introduc- 
tion of a specific suppressor gene,’ also continue to form large quantities of CRM." ! 
These results suggest that only a partial ‘repair’ of damage to the enzyme system 
has occurred as a result of suppressor gene action. Some recent work with L/. coli 
on the contrary, suggests that CRM may not be required for suppressibility.”° 
However, it should be emphasized that the absence of CRM does not preclude 
the synthesis of other aberrant proteins lacking the necessary determinant groups 
for immunological cross-reaction with tryptophan synthetase. 

It is clear from the work of Yanofsky and Bonner* that suppressor genes which are 
effective in partially restoring tryptophan synthetase activity in the td mutants of 
Neurospora exhibit a striking allele specificity, that is to say, a particular suppressor 
gene may affect one or more alleles of a series but not others of the same series. It 
may be inferred from such specificity relationships that certain suppressor loci 
contain “information” relevant to the structure of the enzyme. Indeed, these 
studies offer one of the strongest arguments for such an interpretation. Subse- 
quent experiments?! have disclosed a somewhat anomalous situation in which five 
“specific”? suppressor genes were found to affect the same ¢d allele. Oddly enough, 
no linkage has been observed between the td locus and any of these suppressor 
genes, and the five suppressor genes themselves appear to be randomly distributed 
in the genome. Contrary to expectation, tryptophan synthetase prepared from 
wild type or from any one of several suppressed mutant strains exhibited similar 
biochemical properties.’ These results strongly suggest that several genes, located 
in widely different chromosomal regions, may be capable of “‘repairing’”’ a damaged 
enzyme-forming system sufficiently to permit the cell to form enzyme which seems 
indistinguishable from the wild-type protein. 

Qur recent experiments with a temperature-sensitive tryptophan-requiring 
mutant of NV. crassa, strain td, have provided some information on this important 
and perplexing aspect of gene-enzyme relationships. Strain fd. requires trypto- 
phan for growth at 25° C., but it grows slowly without tryptophan above 30° C., 
and at this temperature also forms a slight amount of active tryptophan synthe- 
tase.’ In all instances this mutant forms large quantities of a CRM protein.!! 4 
It has been possible to obtain highly active tryptophan synthetase from this mutant 
grown at 25° C., by suitable fractionation of crude inactive extracts.'* A consider- 
able quantity of CRM is present in both the crude inactive preparations and the 
active fraction. An inorganic inhibitor which completely inhibits the fractionated 
mutant enzyme but which has no effect on the wild-type enzyme at comparable 
concentrations can be isolated from the inactive (do preparations. Whether this 
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inhibitor is associated with an organic component in vivo is not known. The 
inhibitor can be found in other fd mutants and also in wild-type strains. To date, 
the effects of the inhibitory material can best be duplicated by zine.!% 

It appears from studies with strain fds, that gene mutation has in this instance 
resulted in the formation of an altered, metal-sensitive enzyme. The active en- 
zyme which is obtained by the fractionation of crude inactive extracts appears to 
represent a conversion of CRM to active tryptophan synthetase by the dissociation 
of a metal-protein complex.” 

The metal-sensitivity difference between the wild-type and tds, tryptophan syn- 
thetase preparations has provided one approach to the study of suppressor gene 
’ essential for the 
synthesis of an enzyme possessing normal structure, then tryptophan synthetase 


action. If a suppressor gene actually provides “information’ 


formed in mutant td., carrying the suppressor-24 (st4) gene should be inhibitor- 
resistant, like the wild-type enzyme. If, on the other hand, the sw, gene in some 
manner converts an altered enzyme from an inactive to an active state without 
changing the basic structure of the protein, then the suppressed and the unsuppressed 
mutant enzymes might show similar inhibitor sensitivity. The results of a number 
of inhibitor experiments are summarized in Table 1. The data seem to favor the 
interpretation that suppressor action is based on control at the functional rather 
than the enzyme-forming level. Partially purified preparations of tryptophan 
synthetase from suppressed mutant strains tds, sue, and tds su3 (a strain which is 
cross-suppressible with ftds,)> appear to be metal-sensitive, and in this manner 
resemble tryptophan synthetase from the unsuppressed mutant, tdo4. 


TABLE 1* 
THE Sensitivity oF WiLbD-Typr, ¢d MuTANT, AND fd-sUPPRESSED Mutant TryPTOPHAN 
SYNTHETASES TO ASHED (d.,-INHIBITOR AND TO ZINC 


CONCENTRATION RANGE FOR 50 PER CENT INHIBITION 
or Enzyme Activity 


PARTIALLY PURIFIED tdxx Inhibitor Zine Acetate 
TRYPTOPHAN SYNTHETASE ml Molar Concentration of Zn * *) 
Strains: 

ldo, 0.05 to 0.1 5 X 10°-5tol X 10~* 

ldo Sti, 0.05 to 0.1 5X 10 5tol X 1074 

td; su 0.05 to 0.1 5 X 10 °tol &K 10~4 

5256A (wild-type 0.5 to 1.0 5X 10°-*tol XK 1078 

5297a (wild-type 0.5to 1.0 5 X 10-4 tol K 10 

C-84 (histidine ~) t 0.5 to 1.0 5 X 10-* tol X 10 


* Extracts were purified using protamine sulfate, ammonium sulfate, and alumina gel (see n. 11) 
The enzyme activity in all the preparations was adjusted to a comparable level. In all the pro- 
cedures, triple-distilled water was employed. Ashed inhibitor was prepared from strain tdx by 
boiling an aliquot of a 25-80 per cent ammonium sulfate fraction of the tde extract, centrifuging 
and discarding the precipitate, and ashing the supernatant solution. The ashed material was 
taken up in distilled water and brought to the volume of the original sample. Enzyme prepar- 
ations from the different strains were treated with the ashed inhibitor or with zine for 5 minutes in 
an ice bath. The substrate mixture, consisting of saturating concentrations of indole, L-serine, 
and pyridoxal phosphate (see n. 24), was added, and the tubes containing the complete system were 
incubated for 1 hour at 37° C. The reaction was then stopped with 0.2 ml. of 5 per cent sodium 
hydroxide, and the amount of indole that had disappeared in the control and the inhibitor or zine 
containing samples was measured by the p-dimethyl aminobenzaldehyde reaction (see n. 24). 

t D.Hogness and H. K. Mitchell, J. Gen. Microbiol., 11, 401, 1954 


These findings suggest that in some instances suppressor gene action in the td 
system may be concerned with the control of factors such as metal and coenzyme 
availability or the concentration of metal-binding agents. The results of current 
studies’® clearly indicate that the synthesis, stability, and activity of tryptophan 
synthetase can be markedly influenced by the concentration of copper and zine 
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and of pyridoxal phosphate and by the presence of chelating agents. Certainly, 
the regulation of such factors in vivo may be influenced by many genes, and it 
would be reasonable to suppose that suppressor genes may be effective in such 
ways. In the case of mutant td, where the effect of a suppressor gene can be 
effectively mimicked in vivo by increasing the temperature and in vitro by frac- 
tionation, the suppressor gene does not appear to supply information concerning 
the structure of the enzyme. The latter role would seem to be reserved for the td 
locus itself. 

Summary.—Evidence has been presented that suppressor gene action may in 
certain cases be concerned with the expression of enzyme activity rather than with 
enzyme formation. In the Neurospora tryptophan synthetase system, the sup- 


pressor gene does not appear to provide “information” necessary for the synthesis 


of a structurally normal enzyme. 


* Contribution No. 245 of the McCollum-Pratt Institute. The investigation was supportec 
by a research grant (RG-3080 M and G) from the National Institutes of Health, U.S. Public 
Health Service. 
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INTRODUCTION 


There are several well-known cases in which genetic changes in microorganisms 
are associated with qualitative alteration of a specific enzyme.'~* In these in- 
stances, comparisons were made either between enzymes from a wild-type strain 
and those from a “revertant” strain secondarily obtained from one “lacking” a 
particular biosynthetic enzyme,'* or between enzymes from different wild-type 
strains.?. Recent studies of two cases of temperature-sensitive mutants of Neuro- 
spora, derived by one-step mutation from a wild-type strain, also revealed some 
evidence of enzyme alteration. °> Such studies with altered enzymes provide not 
only a basis for understanding the mechanism of gene mutation but also excellent 
tools for investigating the problems of gene action. This paper presents evidence 
that the enzyme pyrroline-5-carboxylate reductase in Neurospora undergoes an 
alteration, perhaps at the catalytic site, as a result of single-gene mutation at the 
prol-1 locus. 

Pyrroline-5-carboxylate reductase has recently been obtained in cell-free extracts 
of Neurospora and has been characterized®, This enzyme catalyzes the terminal 
step of proline biosynthesis: a pyridine nucleotide-dependent reduction of A!- 
pyrroline-5-carboxylate. A proline-requiring mutant strain, 21863,’ is blocked at 
this step of the reaction and shows a greatly decreased reductase activity.6 The 
low activity of the enzyme in mutant extracts does not seem to be due to the 
presence of substance(s) which might inhibit reductase activity in this strain. As 
will become apparent, this ‘‘residual’”’ reductase of the mutant strain seems to have 
much higher activation energy and lower thermostability when compared to the 


enzyme of the wild-type strain. 


MATERIALS AND METHODS 

Enzyme Preparation.— Wild-type strain 744° of Neurospora crassa and proline- 
requiring mutant strain 21863-6A% were used in most of the experiments. Mvycelia 
were grown in 15-liter quantities of minimal medium (N),'° either with or without 
0.01 per cent L-proline, for 5 days at 30° C. with aeration. Extracts were prepared 
from the lyophilized mycelia and partially purified through the first ammonium 
sulfate fractionation in essentially the same way as described elsewhere.’ The 
ammonium sulfate fractions of 25-45 per cent of saturation were collected in 1/10 


potassium phosphate buffer (pH 7) with 1 mM glutathione and dialyzed against the 


same buffer with glutathione. Enzyme preparations thus obtained could be 
stored at —15° C. for at least a week without appreciable loss of activity. 

Enzyme Assay.-Enzymatie activity in cell-free extracts was assayed either by 
following the disappearance of reduced triphosphopyridine nucleotide (TPNH) 
in a Beckman spectrophotometer or by bioassay for L-proline, using a mutant 
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strain of /’scherichia coli, according to the general procedures of Yura and Vogel.® 
Some modifications were made, however, in the bioassay procedures: the amount of 
TPNH used was increased to 2.5 wmoles per 1.2-ml. assay mixture, and the reaction 
period was shortened to 15-30 minutes, in order to minimize enzyme inactivation. 
Heat Inactivation.—One milliliter amounts of enzyme solution containing 30 mg. 
protein were dispensed in 8-ml. test tubes. These tubes were placed in a water- 


bath at a constant temperature, shaken for 30 seconds, and then allowed to stand 
for the rest of the period of treatment. Inactivation was stopped by placing the 
tubes in ice, with shaking for the first 30 seconds. Heat-treated extracts as well 
as untreated control extracts were centrifuged at 10,000 X g for 20 minutes, and the 
resulting supernatants tested for enzymatic activity. Activity was usually 
measured by the optical method and confirmed by the bio-assay method. The 
values thus obtained were corrected for volume change due to the denatured 
protein in extracts. 
RESULTS 

No major differences were found between pyrroline-5-carboxylate reductase of 
the wild-type strain and that of the mutant strain with respect to stoichiometry, 
relative activity with the two pyridine nucleotides (TPNH and DPNH), effect of 
pH, affinity for the substrate, or fractionation behavior. However, the reductases 
of the two strains were strikingly different from each other with respect to the 
activation energy of the reaction and to the thermostability. 

Activation Energy.-To study the effect of temperature on the rate of reduction 
of pyrroline-5-carboxylate, the reaction was run at several different temperatures 
(10°-35° C.) under otherwise standard assay conditions. The results of several 
such experiments are shown in Figure 1. Both the optical and the bio-assay methods 
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were used for the rate determinations and showed quantitative agreement. In- 
activation of enzyme during the incubation period was negligible. From the 
results presented, it may be calculated that the activation energies were about 8 
and 26 keal. per mole, respectively, for the reactions catalyzed by the enzymes 
in the wild-type and in the mutant extracts. This corresponds to a temperature 
coefficient Qio of 1.6 for wild-type and 4.1 for mutant extracts. 
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In order to test for possible interaction between wild-type and mutant extracts, 
the effect of temperature on the reaction velocity was studied in the presence of a 
mixture of both extracts. Table 1 shows the results of such an experiment. The 


TABLE 1* 


Errect oF TEMPERATURE ON RaTE OF REACTION CATALYZED BY WILD-TYPE 
AND/OR MuTANT PYRROLINE-5-CARBOXYLATE REDUCTASE OF NV. Crassa 

ENZYME PROTEIN L-PROLINE FORMED (uMOLE) at 

EXTRACT Unit) Ma.) 35° ( 5 ; 16°C 

Wild type 0.51 0.008 0.15 0.12 0.08 

Mutant. . 0.25 2.700 0.18 0.07 0.02 

Mixture 0.76 2.708 0.34 0.18 0.09 


<0 


* The rate of reaction is expressed in terms of the amount of L-proline formed under standard assay conditions 


rate of reaction is expressed as amount of L-proline formed at varying temperatures 
under otherwise standard conditions. It can be seen that the reaction rate obtained 
with the mixed extracts represents the sum of the individual rates of each extract. 
Thus there is no evidence for interaction, and the observed difference in activation 
energy may be attributed to a structural difference between the enzymes, possibly 
at the catalytic site. It was further found that wild-type extracts, in which 50-90 
per cent of enzymatic activity had been destroyed through heat treatment, ex- 
hibited activation energies similar to those of the fresh extracts. Hence no evidence 
has been obtained with the wild-type extracts employed to suggest the presence of 
more than one molecular species of reductase exhibiting different activation energies. 

Thermostability.—Heat inactivation of the enzyme in either wild-type or mutant 
extracts follows the kineties of a first-order reaction at several temperatures tested 


(40°-64° C.). Figure 2 shows the results of the experiments at 48° C. It was 
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Fig. 2.—Inactivation of pyrro- 
line-5-carboxylate reductase from 
wild-type and mutant strains of N. 
crassa by heat treatment at 48° C. 


H.L.: Half life. 
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found that the enzyme in the mutant extracts was much more labile to heat than 
that in the wild-type extracts, the half-life of the mutant enzyme at this temperature 
being 1.3 minutes, as compared to 21 minutes for the wild-type enzyme. Changes 
in concentration of the extract, with respect to either enzyme or protein, did not 
cause appreciable change in the thermostability of the enzyme: neither substitution 


of 99 per cent of Neurospora protein with bovine serum albumin nor tenfold dilution 


of extracts to a concentration of 3 mg. protein per ml. had any effeet on the thermo- 
stability of the wild-type enzyme. <A fivefold change in protein concentration 
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(10-50 mg. per ml.) made no difference in the thermostability of the mutant 
enzyme. 

Enzyme inactivation by heat treatment at varying temperatures has been studied, 
and the results are shown in Figure 3. The time of heating was 3 minutes at 
each temperature. Here again, the enzyme in mutant extracts is seen to be much 
more labile than that in wild-type extracts in the temperature range tested. To 
examine the temperature dependence of heat inactivation quantitatively, the data 
in Figure 3 were used for an Arrhenius plot (Fig. 4) in which the logarithm of the 
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rate of inactivation is plotted against 1/7. It could be shown that inactivation 
of the mutant enzyme required about twice the energy as that of the wild-type 


enzyme, indicating the higher degree of temperature dependence of inactivation 


for the mutant enzyme. 
Mixing experiments were then performed to test for possible interaction between 
wild-type and mutant extracts during heat inactivation. The results of a typical 
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TABLE 2 

Heat INACTIVATION OF PYRROLINE-5-CARBOXYLATE REDUCTASE FROM 
WiLp-TypeE AND/OR MvuTANT STRAINS OF N. Crassa 
ResipvuaLt Enzymatic ACTIVITY AFTER 
EXPosurRE TO 48° C. ror — - 

, 6 24 (Min.) 
24 2: 16 
I 0 
3 ‘ 15 


EXTRACT 0 
Wild-type 25 2 
Mutant. 100 2 
Mixture 128 | 


experiment are shown in Table 2. It can be seen that the residual activity of the 
mixture after exposure to a temperature of 48° C. for varying periods is equal to 
the sum of the activities of the separate controls, suggesting that the rate of heat 
inactivation of the enzyme in either extract is not affected by the presence of the 
other. Hence the observed difference in thermostability also seems to reflect a 
structural difference between the enzymes rather than a difference in the amounts of 
destructive or protective agents in the extracts. 

Growth Experiments.—In view of the unusually high activation energy obtained 
with the enzyme in the mutant extracts, it was thought that this might be reflected 
in the growth behavior of this mutant strain, if conditions were set so that the 
function of this enzyme would be the primary limiting factor of growth. Such 


an experiment was possible, since this mutant is capable of growing in minimal 


medium upon prolonged incubation, and this capability had been shown to depend 
on the residual enzymatic activity.!' 125-ml. Erlenmeyer flasks, each containing 
20 ml. of minimal medium inoculated with conidia of the mutant strain, were in- 
cubated at 80° C. When the cultures had reached early logarithmic phase 
(55-60 hours), half of the flasks were incubated further at 35° C. and the remainder 
at 25° C. Sample flasks were then taken out for dry-weight determination of 
mycelia at appropriate intervals, and growth rates were calculated by taking the 
reciprocal of the time in hours required for doubling the dry weight of the mycelium 
during the logarithmic phase. The results of such experiments are summarized in 
Table 3. The second column of the table represents the experiment described 


TABLE 3* 
GrowtH Rares OF WiLp-TypE AND PROLINE-REQUIRING MUTANT SPRAINS OF N, 
Crassa aT 35° AND 25° C. 
MUuTAN' Witp-Typt 
TEMPERATURE No Proline With Prolinet No Proline With Prolinet 
ga 6 (. (A 0.125 0.170 0.195 0.200 
25 B 0.062 0.128 0.155 0.165 


c. 
A/B. 2.02 1.33 1.26 1.21 


* Procedures described in the text Growth rates are calculated by taking the reciprocal of time 
hour) required for doubling the dry weight of the mycelium during the logarithmic phase The 
figures represent the average from five repeated experir 

One ml. of L-proline (2 mg/ml) was added to each flr the time of the transfer 
“no proline’ controls, 1 ml. of water was added to each flask 


For the 


above, and the ratio of the growth rates at 35° and 25° C. under these conditions 
was about 2.0. This is significantly higher than the ratio obtained when the 
reductase is not the growth-limiting factor, as, for example, when proline is added 
to the minimal medium at the time of the transfer (third column, Table 3). The 
wild-type strain shows the ratios of 1.2-1.3 whether or not proline is present in the 
minimal medium. 

The higher ratio of the growth rates of the mutant strain in minimal medium 
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can be explained in terms of the effect of temperature either on enzyme formation 
or on enzyme function. The former possibility is unlikely, though not entirely 
excluded, since the mycelia obtained after incubation at 35° or 25° C. showed the 
same specific activity of the reductase under the conditions employed. Hence 
these results may be taken as in vivo evidence for the higher activation energy of the 
mutant enzyme. 

Genetic Analysis. Since the wild-type strain 74A and the mutant strain 21863- 
6A so far used for comparisons are not isogenic, it Was necessary to show that the 
observed differences in the enzyme are actually the reflection of the wild-type and 
the mutant allelic form of the prol-1 locus. Accordingly, the strain 21863-6A was 
crossed to a wild-type strain of the opposite mating type, and three complete 
asci were analyzed to follow the segregation patterns of the enzyme characteristics. 
Table 4 shows the results of this tetrad analysis. The strain 74-ORI-8a!? used as a 

TABLE 4 


Terrap ANALYsIS OF CHARACTERISTICS OF PYRROLINE-5-CARBOXYLATE REDUCTASE IN_N, crassa: 
? (-ORT-Sa prol-l X 21863-6A (prol-l 

Specific Activation Half-Life 

Spore Pair rol Activity Energy at 48°C 

N Unit/Mg Protein Keal/ Mole Min.) 

0.18 | ae 
93.0 8.0 22.0 
42:9 é 23.0 


20 y 5 


18 


I 
) 
| 
l 
! 
I 


Parents: 
74-ORIT-8a 
2 1863-64 


wild-type parent is essentially isogenic to the strain 74A. It is apparent from the 
table that both activation energy and thermostability of the enzyme segregate 
with the prol-1 locus. Furthermore, as shown in Table 5, several wild-type strains 


TABLE 5 
PYRROLINE-5-CARBOXYLATE REDUCTASE IN SEVERAL WILD-TypPE STRAINS OF N. crassa 


Specific Activity Activation Energy Half-Life at 48° ¢ 
Unit/Mg Protei Keal/ Mole 

84.5 8.1 

92.0 3 

87.5 5 

SOLO 6 


82.5 


ere kindly supplied by Dr. Ma B. Mitel 


which share the genetic background with the mutant strain used do not differ 
appreciably from one another with respect to the two characteristics of the enzyme. 
Thus there ts no evidence for the participation of modifier genes at other loci 
which might affect the two enzyme characteristics to anv great extent. It follows 
that the enzyme alteration appears to be a direct consequence of a mutation at the 


prol-| locus. 
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DISCUSSION 

Evidence that has so far been presented suggests that the pyrroline-5-carboxylate 
reductase of Neurospora undergoes a structural alteration, possibly at the catalytic 
site, as a result of a mutation at the prol-1 locus. Mixing experiments failed to 
give any evidence of interaction between wild-type and mutant extracts with 
respect to activation energy or to thermostability. The facet that enzyme in- 
activation by heat treatment follows the kinetics of a first-order reaction and that 
the activation energy of heat inactivation is in the range of typical values for 


protein denaturation also supports the possibility that the alteration involves the 


enzyme itself. 

The unusually high activation energy obtained by in vitro experiments with the 
reductase of the mutant strain appears to be reflected in the high temperature 
coefficient of the growth of this strain when the growth depends primarily on the 
function of the reductase. The Q actually obtained under these conditions was 
about 2.0, which is still far below the value that might be expected from the in 
vitro experiments with extracted enzymes. This difference may be due at least 
partially to the thermolability of the enzyme in the mutant organism. It seems 
possible that the high activation energy associated with a specific enzyme in 
biochemical mutants, as found in the present study, may provide an explanation 
for some of the instances in which temperature-sensitive mutants exhibit specific 
growth requirements only when grown at lower temperatures. 

Genetic analysis has shown that both activation energy and thermostability of 
the enzyme, presumably together with many other enzyme characteristics, are 
primarily determined by the allelic states of the prol-1 locus. The question of 
whether the changes in activation energy and thermostability are a result of one 
and the same change in the enzyme molecule cannot be answered at the present 
time. The relation between these changes in the enzyme characteristics and the 
low specific activity of the enzyme observed in the mutant strain also remains to be 
investigated. Although the nature of the enzyme alteration is not known, the 
alteration may be a relatively minor one, since the enzyme retains its catalytic 
function in the mutant organism. In any event, the final answer to the question 
of the mechanism of the alteration may be given by detailed chemical studies of 
the enzyme itself. 

It has been known for some time that, at least in Neurospora, a gene change 
frequently leads to a quantitative alteration in the ability of the organism to 
perform a given biochemical reaction.'* Recent work!'! with the same proline- 
requiring mutant strain used in the present study provided enzymatic and genetic 
evidence to support this notion and led us to believe that the majority of single- 
gene mutations do not result in a complete loss of a specific enzymatic activity. 
The present finding of an altered pyrroline-5-carboxylate reductase in the proline- 
requiring strain suggests that a qualitative enzyme alteration accompanied by a 
quantitative change in enzymatic activity may be a rather frequent consequence of 


single-gene mutations. 
SUMMARY 


Evidence is presented which suggests that a structural alteration of pyrroline-5- 
carboxylate reductase takes place, possibly at its catalytic site, following a single- 
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gene mutation at the prol-1 locus of Neurospora crassa. The alteration results in 
a three- to fourfold increase in activation energy of the reaction and a marked 
decrease in thermostability of the enzyme in the temperature range tested. In 
addition, heat inactivation of the mutant enzyme shows a higher degree of tempera- 
ture dependence than does that of the wild-type enzyme. Several other character- 
istics of the enzyme examined remain essentially unaltered. The enzyme altera- 
tion is accompanied by a marked decrease in specific reductase activity, and it is 
suggested that a qualitative enzyme change may prove to be a rather frequent 
consequence of single-gene mutations in which activity of a specific enzyme is 
known to be very low or “lacking.” 


The author expresses his deepest appreciation to Dr. David M. Bonner for the 
helpful discussions and encouragement throughout the course of this study. Sincere 
thanks are also due to Dr. Henry J. Vogel for his invaluable advice in the initial 


stage of the investigation. 
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INDUCED ELECTROMAGNETIC FIELDS IN THE EARTH 
By Joun Carsroru 
PEXAS INSTRUMENTS INCORPORATED, DALLAS 9, TEXAS 
Communicated by L. Brillouin, December 29, 1958 
1. Introduction.-In addition to secular variation, the geomagnetic field is sub- 
ject to daily variations in magnitude and character depending on geographic posi- 
tion, the seasons of the year, and disturbances of the sun. Notable changes 


in normal values also occasionally occur during strong storms, such as cyclones of 
electric charges. Generally speaking, there is a definite interaction between some 
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outward-streaming gases from the sun and the geomagnetic field. The auroral 
zones and the agitated nature of the polar geomagnetic field are apparently conse- 
quences of the penetration of such a gas into the geomagnetic field.!. We shall 
consider the effect of these variations in the earth from some general points of view. 

2. Induced Potentials Due to Dielectric Bodies in the Farth—The time varia- 
tions of the geomagnetic field, supposed to have a local fixed z direction, induce 
an electric field £,,, perpendicular to /7, whose components are found to be? 


; Mo OH 
(hn): 5 Y ot 
(1) 
o OH 
(Hy dy = x ‘ 
2 ot 


where yo is the magnetic permeability of the vacuum. We first notice that 
V-Ex Q. (2) 


Since the field lines circle the geomagnetic field, and the vector Ey have no diver- 
gence, there will be only closed field lines. 
Let us now introduce the polarization vector, Py, 


Pa Dy — even, (3) 


where Dy is the electric displacement and & the dielectric constant of the vacuum. 
The vector Py vanishes in free space and is definitely associated with the consti- 
tution of a dielectric body underground. By virtue of equation (2), one has 


VP Des (4) 


where p,, the charge density, is a constant, as implied by Ohm’s law together with 
the equation of continuity. The following result* is now used. The potential at 
any fixed point (x’, y’, 2’) either within the dielectric or exterior to it can be ex- 
pressed by 

Mie / a ee | [ o + a-(P, — Ps) 


dr + da, (5) 


trey) JV r 1 rr € r 
where 

@ = n-(D. — D,), (6) 
and the unit normal vector # at the surface of discontinuity S of our dielectric 
is drawn from medium (1) into (2). The surface integral is to be extended over 
all surfaces of discontinuity, such as the boundaries of our dielectric. 

Formula (5) reduces in the present case to 
[ @+ n-(P, — P») 
ao 


r 


d(x’, y’, 2’) da, (7) 


tire, « 
which is our result. According to formula (7), a dielectric body in the primary field 
En gives rise to an induced secondary field such as is generated by a distribution of 


sources produced by the surfaces of discontinuity of our dielectric. 
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Suppose, now, that there is an underground dielectric rock containing an elec- 
trically conducting fluid. This constitutes an example of the theory described 
above, where discontinuities between two media—rock and conducting fluid 
are present. Let w and o be the permeability and electrical conductivity of the 
fluid. A ponderomotive force wo(Ey + Vo) X FH, perpendicular to the geomagnetic 
field, acts now on the fluid (per unit volume) supposed initially at rest. The fluid 
will start to move. 

Its motion will be governed by the equations of magnetohydrodynamics. We 
can expect that this motion will be slow and that its interaction with the geomag- 
netic field will induce small variations in the latter. Whether or not these vari- 
ations can be detected at the surface of the earth is an open question subject to 
sensitive measurements. We shall now concentrate our attention on the intensity 
of energy propagation in space as expressed by the Poynting vector. 

3. Intensity of Electromagnetic Energy.—Consider the hydromagnetic equations 


Ov a 
p 5 + @-¥)0| —Vp + wy X H+ prV’s, (8) 
oH = fie 
=VX @ XK H) + »,.V°H, (9) 
ol 
where, besides known notations, », = (uo)~'. We assume, for an elementary repre- 


sentation, that the fluid is incompressible, 1.e., 
V-o = 0. (10) 


Simple manipulations of these equations lead to the following results 


oO y? y? ~ 
a (= ) = VY E X@— (, + * ) | — ul? X A)+j — prw?, (11) 


O (ul? 7 i 5 i ms 
—V°(E XH) - + u(dXH)+), (12) 
ot 2 o . 


where ®@ = V X @is the vorticity vector in the fluid. 
Adding equations (11) and (12), we obtain the equation 


- _ j 2 : O pv” ul? ; - pl” : 
V-(E XH) + ° + pyw* + ae ( 9 +4 = ) — V- | ov a= (> +. . ) | 
(13) 


Finally, integrate equation (13) over the mass of fluid which fills up the dielectric. 
The divergence term on the right side will yield no contribution, since 7 vanishes 


along the inclosure. Hence 


, oan a ra) [ pv pH? ae “ 
, (EX H)-nda ~ 0h aa 9 dr — *, ips + pyvw*}dr. (14) 


This formula is to be compared with the result? obtained by Poynting and Heaviside 
in 1884. See also Pai.® 
4. Fundamental Solutions of the Induction Equation.—Assuming the motion to 
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be slow enough as to neglect the term dxH/ in (9), the geomagnetic field in the 
fluid obeys the partial differential equations, 


ofl bs 
vp.V7H, ( 15) 
ot 
V-H = 0. (16) 


We want to construct four fundamental solutions of equations (15) and (16). 
Equation (15) is equivalent to the following scalar equations: 


OH x OH, Of ss 
vV7H,, vV7H,, vV7H., (17) 
Ot ot ot 


where, for convenience, the subscript e is now suppressed. We also rewrite equa- 
tion (16): 
OH, OH , oll 


+ + 0). (18) 
Ou Ov Oz 


We shall try a solution of these equations of the form 


O O 
HH, 0, H,@ V°F, 4, VF, (19) 
Oz OV 
F(x, y, 2, t) being a function to be determined. We first notice that equation (18) 
is identically satisfied. 


The second and third equations (17) give 


21 


o ] b (~ )| 
V — pV2h 0, 
O2 ot 


(20) 
of oF 
| V2 vV°F 0). 
OY L ot 
We have, of course, two more solutions of equations (17) and (18) by taking 
ae. en O ; 
H,° VF, H,* 0, HY VF; (21) 
Oz Ou 

a a 

H,® Wer. VF, H 0) (22) 
OV Ou 


The only new equation which results from substitution of equations (21) and (22) 


=i (s -°™)| 
V vV 7h Q). (- 
Ou Ot 


Equations (20) and (23) are now certainly satisfied if we take F to be a solution of 


oe) 
v? vV2h 0. (24) 
of 


This equation has been studied by Oseen,® and the reader will find an excellent 


in equations (17) is 


te 
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detailed treatment of it in Villat’s Hydrodynamies.’?. If G(r, 4) is a solution of 
the heat equation, 
OG OG 


eam 


ot or? 


then a solution of equation (24) is 


1 ec, 
F = | G(é, t)dé. 
7 8 


A fourth solution of our equations is obtained by simply taking 


H® ; 1 Constant, 


With the aid of these four solutions, or linear combinations of them, one can solve 


some particular problems under suitable boundary conditions. 


1. N. Parker, “Interaction of the Solar Wind with the Geomagnetic Field,” Phys. Fluids, 1, 
171-187, 1958. 

2 L. Brillouin, L’Atome de Bohr (Paris: Presses Universitaires de France, 1931), see pp. 125— 
127. 

3 J. L. Stratton, Electromagnetic Theory (New York: MeGraw-Hill Book Co., 1941), pp. 183— 
184. 

‘ [bid., pp. 131-135. 

5 §. 1. Pai, “Energy Equation of Magneto-Gas Dynamics,”’ Phys. Rev., 105, 1424-1426, 1957. 

6 C, W. Oseen, “Sur les formules de Green généralisées qui se présentent dans lhydrodyna- 
mique et sur quelques-unes de leurs applications,’ Acta Mathematica, 34, 205-284, 1910. 
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DIRICHLET SPACES 
By A. BEURLING AND J. DENY 
INSTITUTE FOR ADVANCED STUDY, PRINCETON, NEW JERSEY 


Communicated by Lars V. Ahlfors, August 7, 1958 


This is an expository paper giving the definitions and the main properties of 
Dirichlet spaces. <A first paper, devoted to the “elementary case,” is to appear 
soon.! We shall refer to it as (AM). Complete proofs will be given later. 

|. Definitions.—A normalized contraction T of the complex plane C is a transfor- 
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mation of C into itself which does not increase distances and keeps the origin fixed: 


sf " 
c 
Ss 


T (0) 0. 


hi 
— ¢ 
Ss 


Given a positive Radon measure, &, which is defined and everywhere dense on a 
locally compact Hausdorff space X (&(w) > 0 for each not empty open set w ¢ X), 
we shall call ¢-Dirichlet space any Hilbert space D = D(X, &) of complex valued 
functions u(x) which are locally summable for &, the three following axioms being 
satisfied : 

a) For each compact set K ¢ X, there exists a number A(K) > 0 such that 


S« uldi < A(K)\\u 


b) @ n Dis dense both in D and in e; 
c) For each normalized contraction 7 of C and each u ¢ D, the following holds: 


Tue D and Tull < jiu 


More precisely, elements in D are functions defined up to a set which is locally of 
zero &-measure (such a set is of zero measure if X is ¢-compact). The norm in D 
is denoted by ||u||, the associated scalar product by (u,v). @ is the set of continuous 
complex valued functions on X, each of them having compact support. Axiom b 
means that there are many continuous functions in D. The following statement is 
equivalent to axiom ¢: 

c’) If wis in D, and if v is a function such that 


v(x) — u(ly)| < ju(a) — u(y) } 
| 
v(x) | < 


u(x) 


forallz, y «eX, thenv isin D, and |v!) < |/u!). 

The classical “Dirichlet space” is generated by differentiable functions with com- 
pact support, in some Greenian domain of R” 
Dirichlet integral {© |grad wu |2dzx. 

2. Potential Theory in Dirichlet Spaces.—An obvious consequence of axiom a is 


, the norm being the square root. of the 


the following: 
Lemma 1. For each measurable bounded function f with compact support, there 
exists a unique element u,in D such that 


(uy, u) = Sfudé for each u ¢€ D. 


Such an element may be considered as the ‘‘potential generated by f”; more gen- 
erally, a potential is an element «in D such that there exists a Radon measure pu on 
X satisfying 


(u, ¢) S odu for each ge CnD. (1) 


If such a pw exists, it is unique. [f this associated measure is positive, u is called a 
pure potential. Linear combinations of pure potentials are dense in D. 

LEMMA 2. Pure potentials are > 0. An element u ¢ Dis a pure potential if and 
only af 


for each veD with Rau > 0. (2) 
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That an element win D satisfying (2) is > 0 follows from the convexity of the 


closed set 
U = jw: |R.(w — u) > O}; 


in fact, wis the unique element of ( having the smallest norm; but jw) is in U, 
with norm < |}, according to axiom c¢ or ce’; hence u u >0. Now fora pure 
potential uv, (2) is a consequence of (1) if ve @ a D (with Rv > 0), and then, by 
an easy limit process, if v e D with Rw > 0. Conversely, if wu € D satisfies (2), 
(u,v) isa positive linear form on @ a D, which may be extended to @, according to 
axiom 6; hence there exists a positive w such that (1) holds, and wis a pure potential. 

Those definitions lead to a kernel-free potential theory. In this way the three 
next theorems are characteristic. The proofs given in (AM) for elementary 
Dirichlet spaces can be adjusted to our general case. 

THEOREM | (CONDENSORS THEOREM). Let we and a, be two open sets with disjoint 
closures, w, being bounded: then there exists a real potential u, with associated measure 
u, such that 

(DO'S us) < hae? 

(ii) w(a) O d.e. On ao, u(x) 1 a.e. ON w. 

(ill) wt lies on w, Mh ON wy. 

Taking for wy the empty set, we get the equilibrium theorem; the equilibrium po- 
tential of a bounded open set w is the unique element ue D having the smallest norm 
among those for which R,u(r) > 1 a.e. on w; it isa pure potential and the associated 
measure is Called the equilibrium distribution of w. 

THEOREM 2. The inferior envelope of two pure potentials is a pure potential. 

THEOREM 3 (BALAYAGE THEOREM). Given a pure potential u, and an open set 
w, there exists a pure potential u,, such that 

(1) The associated measure p’ lies on & and S dy! < S du: 

(ii) U(x) U,() a.e. ON w. 

(ili) u(r) < u(x) ae. 

Let us now define the capacity of an open set w as the infimum 


cap(w) inf {ja}? 


for all the functions win D with R,w > 1 a.e. on w(cap(w) +o if there are no 
such functions. This may happen only if » is unbounded.) Axiom c¢ implies that, 
foreach win D and each number e > 0: 


cap jax: |ju(ax)|| > ef < |/ul|2/e. (3) 


The exterior capacity of an arbitrary set e is defined as the infimum cap(e) of the 
capacities of open sets containing e. 

Formula (3) permits us to refine functions of D. Let us state without proof: 

THEOREM 4. 70 each element u € D it is possible to associate a function u* (refine- 
ment of w) such that: 

(1) u*(x) u(x) a.e. and vanishes outside some o-compact set; 

(ii) There exists a shrinking sequence of open sets with capacity tending to zero, u* 
being continuous on the complement of each of them; 


7 


(ili) u* 7s measurable with respect to the measure associated to any pure potential 


u,, and 
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S S ut*du 


Two refinements of the same u differ only on a set of zero exterior capacity. This 
notion of refined functions leads to a more precise potential theory, exceptional sets 
with respect to the measure being replaced by capacitary null sets. 

3. Representation of Dirichlet Spaces.—One of the main problems of the whole 
theory is to find an explicit expression on the norm in a given Dirichlet space. 

LemMaA 3. Let f be gen in L? = L*(&) or in D. For each number X > O there 
exists a unique clement Ry f in D which minimizes the quadratic functional 


F(u) = Allull? + flu — f dé; (4) 
Ryf is also the only element u € D such that u-f is in L? and 
(u,v) + f(u — fyadt = 0 for each v « L? n D. 


The first part of Lemma 3 is a standard application of the identity 


Bis Be. fut v u— vi, u— v? 
a F(u) + r= Fi(v) — fF Fe r - - + - dé, 


and (5) means that the variation of F vanishes for u = Rf. 
Lemma 4, The operator R,: f —~ Ryf, defined in D and in L?, has the following 
properties: 
(i) Ry is linear, positive hermitian, and bounded both in D and in L?, with norm 
R,|| < 1; moreover, f ¢ Dand | Ryf f\ imply f = 0. 
(ii) lim Ry = I (tdentity operator), lim Ry = 0, strongly in D as well as in L?. 


»A—>0 \— « 


(ili) Lf the normalized contraction T of the complex plane leaves f invariant, the same 
holds for Ryf. 

Let us sketch the proof. From characteristic property (5) we see at once that 
R, is linear and positive hermitian. Let fbe given in D; writing F(f) > F( Rf), we 
get 

NTS? > A [Ayfll? + Pi Ryf — f\* dé; 
hence | Ryf|| < |\f|| (equality holding if and only if Ryf = f, which, according to (5), 
implies f = 0) and therefore |/Ry!\p < 1. Let f be given in L?; taking v = Ryf in 
(5) and using Schwarz inequality, we get J |Ryf\? << Sf dé. Thus (i) is proved. 


The proof of (ii) is another easy consequence of Lemma 4. Finally, let f and T 
be as in the statement of (i11), and let us put uv = yf; then f = Tf and axiom ¢ imply 


F(Tu) = d||Tul? + J |Tu — Th\? dé < Allull? + . fi? dé = Flu) 
and therefore Tu = u, by the minimizing property of w. 
LEMMA 5. For each \ > 0, there exists a positive Radon measure a, on the produet 
space X X X such that 
(1) a, ts symmetric; 
(ii) The projection of a,on X is < E(ay(A XK X) < EA) for each compact set A ¢ 
X); 


(iii) For each pair of functions f, g « L’, 


S Ry fade SS f(x) gly )day(a, y). 
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In fact, if fe @ isa real valued function such that 0 < f(z) < 1, then0 < Ryf(x) 
- | (a.e.) by Lemma 4 (iii), since f = 7'f, 7 being the contraction of the complex 
plane which is the projection on the unit segment (0, 1) of the real axis. Thus the 
number >> [Ry fiZdé defines a positive linear form on the functions Zf,g,, which are 
dense in @(X X X), and therefore a positive Radon measure a, on X XX, satis- 
fying (ii) and (iii). Part (i) follows from the hermitian property of R,. 
THeoreEM 5. For each function f ¢ D the norm is given by 


If? = lim (Rf, f) = lim if NY 


0 


| ‘s | | 
fil? . \| [1 — m(x)] |f(x) |°dé + All f(x) — f(y) \? day(x, »' 


and my, is the density of the projection of a, on X (0 < my < 1). 
If fee A D, this representation theorem is a consequence of formula (5), Lemma 
t (ii), and Lemma 5; extension to every f « D can be obtained by standard limit 


whe re 


3 


processes. 
Conversely, if a given function f is such that |/f||, is finite and bounded, we do not 


necessarily have f « D; but this is true (and |/f/| = lim |/f||,) under any one of the 
0 


following additional assumptions: 
fe L°(&), 


f(x) ~ 0 when «> ©, 


f\ is < some function of D. 

If \ tends to zero, the measure n, = \ '(1 — m,)é converges weakly to a measure 
u, Which is the limit of the equilibrium distribution of a bounded open set tending 
to the whole space X. At the same time o, = a)/2\ converges outside the diagonal 
5 of X * X toa measure o which can be defined directly (in X &K X — 6) by 


Ve: q) = —26f f(x) g(y) da(x, y), 


where f and g «@ M D have supports without common points (if two such functions 
fand gare > 0, axiom ¢ implies |/f — g|) > ||f + g||; hence (f, g) < 0, and there 
exists a positive o in X X X — 6 with the prescribed property). 

Those measures u and o lead to a more elegant expression of the norm of a func- 
tion fe C a D: 


fi? =f f(x) dua) + Sf fav) — fly) dela, y) + N(f), 
where 


N(f) lim Sf f(~) — fly) \*doy(ax, y) — SF f(x) — fly) "do(x, y) > 0 
0 
has the following local character: if g « @ NM D is constant in some neighborhood of 
the support of f «@  D, then the associated bilinear form N(f, g) vanishes. 

A more explicit expression for the local part N(f) of the square norm cannot be 
found unless additional assumptions are made on the structure of X. For instance, 
if X isa domain in Rk”, if & is the Lebesgue measure on X, and if D contains all dif- 
ferentiable functions with compact support, there exist Radon measures y,,; on X 
such that 
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Nif) =>> Of Of dij. 
fupjuper Cty, OR; 
Second-order elliptic differential operators might be studied in this framework. 

4. Laplace Operator. Kernel.—If an element u ¢ D is the potential generated 
by the function f (u = u,), we shall write Au = f and eall f the Laplacian of u;4 the 
domain of Ais dense in D (Lemma 1). 

For f given in D, Ryf isa solution of u + AAu = f (after [5]). This fact, together 
with the formula 


AR, —_ wR, = (Xr — wR R, (X Po 0, e > 0), (6) 


shows (Hille-Yoshida theorem) that a suitable restriction of (— A) is the infinitesimal 
generator of a semigroup of positive operators 
T, = lm (R,;,)" (t > 0) 
n— «x 

having the properties of R, which are listed in Lemma 4. 

Another application of (6) is the following: 

LeMMA 6. Given a bounded measurable function f with compact support, 

uy, = lim Rf (strongly in D). 
A> « 

The measure Aa, on the product space XY & X (see Lemma 5) is increasing with 
\ and converges weakly to some positive symmetric measure x on X X_X, called the 
kernel of D; the potential uw, can be expressed by means of the kernel as follows: 

THEOREM 6. Given a bounded measurable function f with compact support, the 
potential u, 18 the density of the projection on X of the measure f(y)x(x, y). 

In other words: 


Su gadt = SS f(x) gly) dk(x, y) 


for each bounded measurable g with compact support; particularly, 
uy||2 = SI F(x) fly) de(x, y). 


This last formula proves that the kernel is a positive definite measure; the square 


norm of w, can be interpreted as the ‘‘energy”’ of f, as well known in the classical 
Dirichlet space.® 

5. Dirichlet Rings.—A corollary of the converse of Theorem 5 is the following 
useful generalization of axiom c’ : 

LeMMA 7. Jf uj, u.,..., u, are elements in the Dirichlet space D, and if the function 
v satisfies 


v(x)| < J ju,(x)| for each x « X, 


v(x) — v(y)| < 2 lux) — ujy)| for each pair x, y € X, 


then v ts in D and |iv|}|) < J | u,; 


It follows that the product of two bounded functions u, » € D is itself in D, and 
w|| < allv}| 4 : (7) 


where a = sup |u(x)|, 6 = sup |o(z) 
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If for each point x ¢ X the capacity of the set }.{ is > c? > 0, each function of D 
is continuous (more precisely is a.e. equal to a continuous function: vanishing at 
infinity, and formula (3) implies |u(a) | < |u)|/c; therefore, according to (7), 


uv|| < - 
c 
Thus D is a normed ring (Dirichlet ring). There exist such rings, for instance the 
classical Dirichlet space on a finite interval of the real line. In such a ring the 
theorem of ideals holds: 

Tureorem 7. [na Dirichlet ring D on a separable space X, each closed ideal is a 
prime ideal, and is the set of functions of D vanishing on some closed set (therefore, tt ts 
the intersection of maximal ideals containing it). 

6. Spectral Synthesis tn Dirichlet Spaces.—Given an element uv in a Dirichlet 
space D, there exists a greatest open set, w, having the following property: 


(u, f) = O for each f ¢ @ A D with support in w. 


Such a set is called a ‘set of regularity” of u; the complementary (closed) set is the 
spectrum of u, denoted o(u). The spectrum of a potential is obviously the support 
of the associated measure. 
Let us state without any proof the following theorem of spectral synthesis: 
TuroremM 8. Each element u € D is the strong limit of linear combination of pure 
potentials having spectrum in o(u). 
It follows that the capacity of o(w) is zero if and only if vw = 0. 
Related to the last theorem is the “‘maximum-minimum principle,” that we shall 
state only for a continuous function of D: 
THeorEM 9. Jf wis a continuous function of D, the image u(X) is contained in the 
convex hull of the image of o(u) and of the origin of the complex plane. 
A corollary is the ordinary maximum principle: if ju(a)) < aon a(u), then 
u(a) | < aeverywhere. 
?. Special Dirichlet Spaces.—Let us call negative definite function on a locally 
compact abelian group G any continuous complex valued function A(2) such that 


the hermitian form, 


> B >. Ke + A(z;) — A(z, — “| Pip) 
i=] j=] 


is positive for each set of n points wy, ve,...,2, €G(n LaZ>. ). 

A continuous function \ is negative definite if and only if MO) is > 0 and exp 
(—?d(x)) is positive definite for each t > 0, i.e., if exp[—&A(x) — A(O))] is the char- 
acteristic funetion of an infinitely divisible = of probability. 

If G = R", this leads to the Levy-Khintchine representation formula, which we 
shall state for real (and then symmetric) XA: 


; ‘ at 161" 
A(x) = C + Q(x) + (1 — cos tr) AE da(t), 


where C is a positive constant, Qa positive quadratic form, and o a positive measure 
with finite total mass. This representation is unique under the assumption that o 
is symmetric (with respect to the origin 0) and does not charge 0. 
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Now a Dirichlet space D(X, £) is said to be special if X is a locally compact abelian 
group and é is the Haar measure on_X, the following axiom being satisfied: 

(d) If U,fis the function obtained from f « D by the translation s «eX (U f(x) = 
f(x — s)), then U,fisin D, |\U'f}) = |f)|, and Ufis a continuous function of s. 

Negative definite functions give explicit construction of all the special Dirichlet 
spaces: 

THEOREM 10. 7’ each special Dirichlet space D on a locally compact abelian group 
X is associated a real valued negative definite function X on the dual group %, such that 
1/X ts integrable on each compact neighborhood of the origin of <, and 


ul? = Sr(%) |A(%) |2 dx for alluee a D, (8) 


tt being the Fourier transform of u. 

Conversely such a negative definite function on X defines, by means of (8), a 
special Dirichlet space on X. 

In this special case the kernel « of D, defined on X X X (see 5) is invariant by the 
translations (s, s). The associated convolution kernel is the positive measure 
K(on X) having 1/\ as (generalized) Fourier transform. Each pure potential, 
with associated measure yp, is the density of the convolution K *u. 

If X isa real valued negative definite function, \* is negative definite for each a, 
0 < a <1. Therefore, if K is the convolution kernel associated to a special 
Dirichlet space on X, there exists a family of such kernels kK, (0 < @ < 1), with 


K, K, KOK, = Rive 
Taking X = R” (m > 2) and X(#) = |2/?, K, is the Riesz kernel of order 2a. 


' A. Beurling and J. Deny, ‘“Espaces de Dirichlet. I. Le cas élémentaire,”’ Acta Math., 99, 
1958. 

2 Except on a set which is locally of zero &measure. 

>In order to avoid some difficulties at the infinity, we may suppose, by Theorem 3, that each 
function of D vanishes out of some o-compact set 

‘In the classical Dirichlet space, A is the product of the ordinarily Laplace operator by some 
negative constant. 

> According to the above definition, the kernel of the classical Dirichlet space (on a domain X) 
is the measure G(x, 7) &(.r)X &(y) on X X NX, G being the Green function of X. 


A RELATIVIZED FATOU THEOREM 
By J. L. Doon 
UNIVERSITY OF ILLINOIS 
Communicated December 11, 1958 


1. The Classical Fatou Boundary Limit Theory.—Let Ry be an N-dimensional 
open solid sphere (NV > 2) of radius 1, with boundary Ry’. A function on Ry is 
said to have the nontangential limit b at a point » of Ry’ if the function has the 


limit } in terms of approach in every cone of revolution with vertex , axis the radius 


to n, semivertex angle less than 7/2. 
Let uw be a function defined, harmonic, and positive on Ry. Then u corresponds 
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to a unique positive finite measure on Ry’ by way of the Poisson-Stieltjes repre- 
sentation, 


. me t 2 
s 
u(&) CN | U (dn). Che) 

; J mye 1 — 218] cosy + Ie]? 


Here |£! is the distance from & to the center of Ry, y is the angle determined by 
the radius through ~— and that to », and cy = Uy(Ry’), where Uy is ordinary 
(N — 1)-dimensional measure on Fy’. 

In 1906, Fatou! proved a theorem equivalent to the following, for the case N = 2. 

THeoreM 1.1. Jf u ds positive and harmonic on Ry, corresponding to the measure 
l'on Ry’, then u has a finite nontangential limat at U y-almost every point of Ry’. 

In 1927, Bray and Evans? proved the theorem for NV = 3, and the proof is easily 
adapted to larger values of NV. A proof for N > 3 but yielding only limits on radial 
approach to Ry’ was given by Privalov’ in 1938. The essential result in this work, 
from which the theorem follows at once, is that, if U’ has a general derivative (see 
Saks* with respect to Uy at 7, then wu has the value of the derivative as a non- 
tangential limit at 7. 

In 1928, Littlewood® proved that, if v is the potential of a positive measure in 
Rs, and is not identically ©, then wu has the boundary limit 0 along radii to Uy- 
almost all points of R.’. Applying the Riesz decomposition theorem, Littlewood 
derived the following extension of the Fatou theorem. It is stated in N dimensions, 
since it was proved for NV > 2 in 1938 by Privalov,’ following Littlewood’s method. 

THeoreM 1.2. Jf u is positive and superharmonic on Ry, u has a finite radial 
limit at Uy-almost every point of Ry’. 

For a time® it was thought that Littlewood’s result could be extended to allow 


nontangential approach to the boundary, but this possibility was finally excluded 
by an example of Zygmund’s.? Although Tolsted? showed that, when N = 2, 


the class of rotations of a radius could be replaced by the class of rotations of any 


curve meeting Re’ nontangentially, the question of the natural approach to Ry’ 
in Theorem 1.2 has only been answered by the more recent work described in the 
next section. 

2. Recent Developments of the Fatou Theory. Let R be any open set in Euclidean 
N-space. (We could allow R to be a Green space, but the extra generality is 
unimportant for the purposes of this paper.) To avoid trivialities, we suppose 
that the complement of R has strictly positive capacity, that is, that R has a 
Green function. 

In 1944 Brelot® introduced the concept of a ‘fine limit.”” A function has the 
fine limit b at a point of N-space if there is a set which is thin at the point, in a 
sense made precise by Brelot, such that the restriction of the function to the 
complement of this set has b as a limit at the point. If R is as in the preceding 
paragraph and if the boundary of F? is taken not as the ordinary relative boundary 
but as the Martin boundary, Naim’ in 1957 defined thinness relative to R of a 
subset of R at a boundary point of FR, thereby defining the concept of a fine limit 
of a function on R at a boundary point. In the case of main interest in this paper, 
R is a sphere, and the relative and Martin boundaries are identical. 

If £13 a point of N-space, we shall call a bundle of rays from & “nearly all rays” 


from & (or to &, depending on the point of view), if the remaining rays from & meet 
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the boundary of any sphere with center & in a set of N-dimensional capacity 0. 
(If N = 2, this is interpreted as logarithmic capacity 0.) If € is a boundary point 
of an open set R in N-space, we shall call a bundle of rays to € “nearly all rays’ 
to € in FR if each ray in the bundle lies in FR sufficiently near £, not counting & itself, 
and if the rays to € not having this property, together with the rays in the bundle, 
comprise nearly all rays to & Deny'® showed that, if a set in N-space is thin at a 
point, nearly all rays to the point fail to intersect the set sufficiently near the point 
(aside possibly from the point itself). Lelong-Ferrand'!! showed that, if R is a 
half-space, if € is a boundary point, and if A is a subset of R thin at — relative to R, 
then nearly all rays to & fail to intersect A sufficiently near & The corresponding 
result is easily seen to be true if R is a sphere. Thus, in these cases, if a funetion 
has a fine limit at &, it has that limit along nearly all rays in F to &. 

In 1949, Ahlfors and Heins'? proved a theorem equivalent to the following 
(they dealt with a half-plane instead of a disk). Let « be positive and superhar- 
monic on Rs. Let h be a minimal positive harmonic function, corresponding to 
the boundary point 7. That is, A is a multiple of the integrand in (1.1) for fixed 
n. They proved that u/h has the limit inf(w/h) along nearly all rays in 8, to 7. 
That same year, Lelong-Ferrand'' proved (again we translate the result from a 
half-space to Ry) that this result is valid for N > 2, and that the limit is, in Naim’s 
later terminology, a fine limit. 

In 1957, Naim® proved the stronger result that, if 2 is any open set in N-space 
with a Green function, if A is the minimal harmonie function corresponding to 
the minimal boundary point » of the Martin boundary of R, and if u is positive and 
superharmonic on FR, then u/h has the fine limit inf(w/h) at ». The strongest 
theorem in this direction is the following, proved in 1957'° subsequent to Naim’s 
work. In its statement the fact is used that, if uw is positive and superharmonic 
on R, it corresponds to 2 measure on Ru R™, where R™ is the Martin boundary 
of R, the sum of the measure on FR giving the potential component of u and the 
measure on R™ giving the harmonic component of U in the generalized Poisson- 
Stieltjes representation of this component. 

THEOREM 2.1. Let R be an open set in N-space, with a Green function, and let u, 


“aa ; , ; 1 
h be positive superharmonic functions on R. Let H be the measure on Rv R™ 


, ran ; soleta 7 : . \ 
corresponding toh. Then u/h has a finite fine limit at H-almost every point of Rw R™. 


It is interesting that, unlike the results deseribed in Section 1, which are all for 
the special case h const. and involve nontangential or radial limits, there is no 
distinction made in Theorem 2.1 between harmonic and superharmonic «. 

3. A New Relativized Fatou-T ype Theore m., Although it is natural in the 
case of a gene.l R to state the boundary limit. theorems in terms of fine limit 
concepts (or in terms of the equivalent probability concepts), it is also natural, 
if R = Ry, to attempt to prove relative boundary limit theorems, that is, theorems 
involving ratios u/h, in terms of classical types of boundary approach, known to 
be valid when h const. The following is such a theorem. Its proof will be 
carried through quite differently from that in the nonrelativized case. 

THEOREM 3.1. Let u, h be positive harmonic functions on Ry, corresponding 
(Poisson-Stieltjes representation) to the measures U, H respectively on Ry’. Then 
u/h has a finite nontangential limit at H-almost every point of Ry’. This limit is 
H-almost everywhere the Radon-Nikodym derivative of the absolutely continuous 
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(relative to H) component of U with respect to H. If u is supposed merely positive 
and superharmonic, this assertion becomes false, even if the conclusion 1s weakened to 
require only radial limits. 

We prove the last assertion first, by a simple counterexample. Let A be the 


minimal harmonic function corresponding to some point of Ry’, so that h is 
the integrand in (1.1) with 7 fixed at m. Then H is concentrated at the point 
m, So that in this case the theorem states that u/h has a limit on a certain approach 
to m. Now this is true for approach as in the fine limit definition, according to 
Naim’s theorem, referred to in Section 2, but this is false in general for radial 
approach if «may be only superharmonic. To see this, let «be the potential of a 


measure concentrated on a sequence of points on the radius to mo, convergent with 
that point as limit. Then u/A has the radial superior limit © at mo, instead of a 
finite radial limit. It is obviously even possible to choose was above to make 
u/h have the inferior radial limit 0 at m, so that there is no radial limit, finite or 
infinite. Thus the last assertion of the theorem is true. 

The proof of the remainder of the theorem will be carried out by means of a 
succession of lemmas. Throughout these lemmas, uv and h are strictly positive 
harmonic functions on Ry. It will be convenient to write dU/dH for the Radon- 
Nikodym derivative mentioned in the theorem. If 0 < 6 < 2/2, we shall write 


my 


é-lim to denote a limit on approach to the point ¢ of Ry’ remaining in a cone of 


gers 


revolution with vertex ¢, axis the radius to ¢, half-vertex angle 6. Then 0-lim 
denotes a radial limit. The corresponding notation will be used for superior limits. 
We shall use w-lim to denote a nontangential limit (sometimes called a “wide 
sense” limit). We must prove that, for H-almost every point ¢ of Ry’, 


. ulé) dU 
w-lim —"- = 


(G): (a. b) 
e—>e h(é) dH 


In the course of the following discussion, a sequence of constants a), a2, ... will 
be used, which depend only on the dimensionality N, and in one case on an in- 
dicated fixed value of 6, but not on the functions u, A or points of Ry’ involved in 
the discussion. These constants will be called absolute constants. 

Lemma 3.1. At H-almost every point ¢ of Ry’, 


: h(é) 
0-lim ——* 


: — c 
s $ S 


In faet, this limit is 


) ; H (dn) 
eo x | —_— (3.3) 
Rn’ (1 — cos ; A 


where y is the angle between a radius to 7 and one to ¢. It is easily seen that the 
integral in (3.3) is finite H-almost nowhere. In fact, if A is a curvilinear generalized 
square on Py’, of side length 6, with center of symmetry a point ¢ at which this 
integral has a value <b, there is an absolute constant a; such that H(A) < 
a6l'y(A), if 6 is sufficiently small. We conelude at once that the value of H for 
the set of points ¢ at which the integral in (3.3) is < b has H-measure 0, and this 
implies the truth of the lemma. 
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LemMMA 3.2. Let B be the segment of a right circular cone, of half-verter angle 
06< 2/2, vertex at ¢ on Ry’, axis the radius to &, height cos? 6. Then if 0 is specified 


there 7s an absolute constant a2(@) such that, if &, & are in B, 


me) < 4,(). (3.4) 
u(&>) 

This is a slight generalization of a classical Harnack theorem. It is at once 
reducible to that theorem by means of a similarity transformation if Ry is a half- 
space and B is a segment of a cone with vertex a finite boundary point, and lying 
otherwise in the half-space. In our case, Ry can be transformed into a half-space, 
so the lemma follows. 

LemMa 3.3. To prove the H-almost everywhere validity of (3.1), it is sufficient to 
prove that, for each 6 with 0 < @< 2/2, there is an absolute constant a;(0) for which, 


for H-almost every ¢, 


: u(é) DL d 
é-lim sup < a;(0) (c). 


a | 1(&) ( 


It is sufficient to show that (3.5) implies that, for H-almost every ¢, 


. u(t) dU’ ar 
6-lim —~° ¢). (3.6) 


re h(E) dH 


It is obviously sufficient to prove (3.6) in two cases, the case in which UL’ is abso- 
lutely continuous relative to H and that in which Ul’ is singular relative to H. 
The second case is trivial, since in that case the right side of (3.5) vanishes H- 
almost everywhere. Hence in the following we restrict our attention to the 
absolutely continuous case, writing f for dU’/dH. We fix H and prove the result 
for successively more general choices of f. Suppose, first, that f is the indicator 
function of an H-measurable subset B of Ry’. Then, according to our hypothesis, 
u/h has the 6-limit 0 at H-almost every point of Ry’ — B. If f is the indicator 
function of Ry’ — B, it follows that (h — u)/h has the 6-limit 0 at H-almost every 
point of B. Hence 


. Uu(&) : a 
é-lim —~ f(©) (3.7) 


A(é 
| ha a | Ws) 


H-almost everywhere on Fy’ if f is the indicator function of an #H-measurable 
subset of Ry’. It follows that (3.7) is even true if f assumes only finitely many 
values. For arbitrary f, let }f,. n > 1; be a monotone increasing sequence of 
positive //-measurable functions on Ry’, each taking on only finitely many values, 
with limit f = dU/dH. Let U,, be the measure on Ry’ which is absolutely con- 
tinuous relative to H, with Radon-Nikodym derivative f,, and let u, be the corre- 
sponding positive harmonic function on Ry. Then, for H-almost every point §¢, 
simultaneously for every positive integer n, 
(u )(&) 


é-lim sup < a;(f 


gre 
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(3.9) 


so that 


: u(&) : er en 
6-lim sup —"- < a3(f — f,)(¢) + f,(0). 


fs U(&) 


We conclude that, -almost everywhere on Ry’, 


, u(&) aE ‘ 
6-lim sup = jr): (3.11) 
a 


t—¢ r(&) 


On the other hand, since u > w,, it is clear that, H-almost everywhere on Ry’, 


é-lim inf“ > fg), (3.12) 
t—¢ 1(&) 
and the combination of these two results yields (3.7). 
LEMMA 3.4. To prove the H-almost everywhere validity of (3.1), tt ts sufficient to 
prove that, for some absolute constant a;(0), (3.5) ts true, for 6 = 0, for H-almost every ¢. 
This lemma is an immediate consequence of the preceding two lemmas. 
Lemma 3.5. There is an absolute constant as, such that, for each point ¢ of Ry’, 
there is a monotone decreasing sequence }B,(¢), n > 1} of Borel subsets of Ry’ with 
the following properties: 
(a) If o,’, o,” are, respectively, the infimum and supremum of the angles between 
the radius to ¢ and that to a point of B,(¢) — By4y(6), then o,’ > O and 


” 


Oy ee 
r a 4. (3.13) 
od, 
(b) For H-almost every ¢, 
: U[B,(¢) dU ' 
lim [Bw (6) | = (a): (3.14) 
n—>o H{B,(¢) | dH 
To see this, we need only obtain dU’/dH as the derivative of U with respect to 
H relative to a system of conjugate nets, in de la Vallée Poussin’s terminology. '4 
LemMA 3.6. There 7s an absolute constant a3(0) such that (3.5) 7s true when 6 = 0, 
for H-almost every €. 
Let ¢ be a point of Ry’ for which (3.2) is true and for which, in the notation of 
Lemma 3.5, 
oo BEG) 
lim 
n—>o H|B,(¢)] 


(3.15) 


Let ¢, be the point on the radius to ¢ at distance r from the center. To prove 
Lemma 3.6 and thereby, in view of the preceding lemmas, to prove Theorem 3.1, 
it will be enough to show that, for a proper choice of the absolute constant a;(0), 


: U(C,) ‘ . 
lim sup : < a;(0)a. (3.16) 


ri h(¢,) 


Applying the Poisson-Stieltjes representation (1.1) of «, we obtain the inequality 


(1 — r?)U(dn) 2u(O0)(1 — r) 


” 917 
WIT,) SCN | : a7 ayy (3.17) 
Jp; (1 — 2r cos y + 7r7)"”" (1 — 2r cos @/ + 7?) 
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Here 0 is the center of Ry, y is the angle determined by the radii to ¢ and n, and 2, 
to be chosen below, will be held fast throughout the discussion. Hence, using 0 
notation referring to r ~ 1, we have 


C,) ij 1 — r)U(d 
u(é sala CN | ( r*) U (dn) (3.18) 
B; (1 


h(¢,) h(&,) — 2rcos y + r?) 


The last term is dominated by 


CN ~ (l—r)U(B, — Buy) | evn + ryU( Ef) 


i | (3.19) 
h(¢,) n=i (1 — 2reos 6,’ + pV? h(¢,)(1—r)* : 


If b, is the coefficient of U(B, — B,4;) in the sum, the sum can be expressed in 
the form 


> b,U(B, — Bau) = > (6, — ba-1)U(B,) + b..U(B) — 


n 1 


(1+ rU(j}) (3.20) 


Then, if « > 0, and if 7 is sufficiently large, depending on e, 


Wr) _ o(1) + 3 (b, — b,-1)U(B,) + 5, UB, $ 
h(¢,) h(¢,) ts i f 


Pe ee aes ‘ : a ~ b,:)H(B,) + baH(B)) , 
UC, ) n 


< o(1) +e . ‘ - b,H (By, — Bus) + HUe})20 — r)-*t! t+ b, H(B) ¢ 
(Cy) n 
Cn(a + €) J > (1 — r*)H(dn) 
B E 


<o(1) + pS 
h(¢,) es ie 


3,., (1 — 2r cos od,’ + r2)N/2 


l 


H(jeh)2q. — r)-* +! + b HB) ¢. (3.21) 


Now the integrand is, at most, 


etd 1 — 2reosy +r? \*” 
<7, Max ———} , (3.22) 
1 — 2r cos y + r*)° 1 — 2reos¢,’ + r 


where the maximum is for the values involved in the integration, so that the 
maximum is, at most, 
S 9 ” 
sin* @, a 
< 4s, (3.23) 
> + 9 = 
(1 — r)* + 4 sin’ @, 


where a; is an absolute constant, in view of (3.13). Hence 


S o(1l) + 


u(t) 2 ev(a + €) | (1 — r?)H (dn) 
| a 
h(¢,) h(¢,) \ B, (1 


9 1 p2\N/2 
— Gf Coe y + Ff") 


H(je})20. — r)-¥+! + b, -_ < O(1) + (@ + €)as + 


9 fondel)( — r-*H +b. H(BD}. 
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Now it follows at once from the Poisson-Stieltjes representation of h that 


lim A(¢,)(1 — r)%~! = 2evH(fe}). 


peri 
Hence, if H()¢}) > 0, we find that, using (3.2), 


u(¢,) Ate 
: <(a+ ea,tarte., (3.26) 


. 1 
lim sup 
ri h(¢,) 


whereas, if H(/¢!) = 0, the last two terms on the right do not appear. Thus in 


either case, since € is an arbitrary strictly positive number, (3.16) is true with 
a;(0) = a; + 1. The proof of the lemma, and thereby of Theorem 3.1 is now 
complete. 

We conclude with two comments. In the first place, the theorem is, of course, 
also true if uw is merely the difference between two positive harmonic functions on 
Ry or, equivalently, if the integral of |u| over a concentric spherical surface of 
radius r < 1 defines a bounded function of r but if wu is otherwise merely supposed 
harmonic on Ry. In the second place, the main technical difficulty which differen- 
tiates the general case from the case h = const. lies in the fact that the theory of 
derivates of a set function U with respect to a set function H on Ry’ is essentially 
more complicated when A is not a constant function, that is, when H is not a 
multiple of Uy. This added complication is, however, not present when N = 2, 
and in that case a suitable modification of the classical proof for the case N = 2 
would have served and even given a slightly stronger result, the analogue of that 
stated in the paragraph following the statement of Theorem 1.1, characterized 
there as the ‘essential result’? in the classical case. 
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A THEOREM ON CONVEX BODIES AND APPLICATIONS TO BANACH 
SPACES* 
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HEBREW UNIVERSITY OF JERUSALEM, COLUMBIA UNIVERSITY, NEW YORK, AND 
INSTITUTE FOR ADVANCED STUDY, PRINCETON 


Communicated by Hassler Whitney, August 8, 1958 


1. The main purpose of the present paper is to sketch a proof of a new property 
of symmetric convex bodies in Euclidean spaces. This is, roughly speaking, the 
property of such bodies of sufficiently high dimensionality to have nearly spherical 
sections (see Theorem | for a precise formulation). In view of the obvious implica- 
tions of results of this nature in the theory of Banach spaces and functional analysis 
in general, this result, or various weaker variations, have often been conjectured. 
However, the only explicit statement of this conjecture in print known to the author 
is ina recent paper by A. Grothendieck. ! 

The main theorem is stated in paragraph 2, and its proof is outlined in paragraphs 
3-6. Some applications are given in paragraph 7, and we conclude in paragraph 8 
with various remarks. 

2. In order to give a concise statement of our result we introduce the following: 

DEFINITION. A convex set C in a linear metric space is called spherical to within 
e (e > 0), tf there exist in the flat space generated by C two concentric balls B, and By 
of radii r and (1 + e)r such that B, ¢ C ¢ By. The g.l.b. of the « having the above 
property is called the asphericity of C and denoted by a(C). 

We recall that a convex body is a bounded closed convex set with interior points. 
“Symmetry” throughout the paper will mean symmetry with respect to the origin 
of the linear space. The term ‘‘subspace’”’ is used only for a flat space containing 
the origin. Our geometric result can now be stated as follows: 

THEOREM 1. Let € > 0 and a positive integer k be given. Then there exists an 
integer N = N(e, k) such that if C is any symmetric convex body in N-dimensional 
Euclidean space E* there is a k-dimensional subspace E* for which a(C n E*) < «. 

This result for k = ko implies it for k < fo. For k | the theorem is trivial. 
Also if N has the above property, so does any greater integer. 

3. Let u,,. be the measure on the space of k-dimensional subspaces E* of a 
Euclidean 2” which is invariant with respect to the group of rotations and normal- 
ized so that the measure of the whole space is 1. For any Borel set A ¢ E£” (n = 1, 
2, ...) we put v,,,(A) Merih': E* an A = $}, (ik |. > ,n). Thev,.,.are 
non-negative subadditive set functions. If, however, A is a symmetric subset of 
the unit sphere S,: a2? + + 7,7 1 then v,..(.4) is a measure, and we have 

v» A) a: Ne (1) 


where \,,_; is the ordinary (n — 1)-dimensional measure and o, An—1(S,). 


For any A ¢ S, and ¢ 2 0 let A, denote the set of those points of S, whose 


(geodesic) distance from A does not exceed t. A main tool in the proof of Theorem 
l is 
Lemma |. Let A be aclosed symmetric subset of S,, then we have for allt 2 0 and 
F. 2. Jn 
poitArd) & ty plA)- (k — 1) exp (—2"(I 


oor 


» 
“oe 
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We remark that the vy, can be computed from (1) and the recursion relation 
Vn.(A) Ca S a ee, E\dé (k oho ee n), (3) 


where € is a point of S,, (A, &) is the “projection” of A along the meridians passing 

through +£ on the H”"~'! orthogonal to £, and the integration is over the whole 

sphere S,. Relation (3) is a spherical analogue of the Kubota formulae for the 

Minkowski functionals of convex sets in Euclidean space (see also D. Ohmann?’). 
Let G,(A) \E*: S, a E* ¢ A}. It is not difficult to establish that 


Bnw(Gp(A)) < pnye(G2(A)) < (¥an(A))? < van(A), (e208. 22m). °@) 


Denoting by 0A the boundary of A relative to S, and by \,_2 the ordinary (n — 


2)-dimensional measure, we have 


*/ t 
An—1(A ;) An-1(A) + | An-2(OA ,)dt > i) An-2(OA , dt (5) 
J0 0 


(the readily supplied measurability considerations are omitted in this outline of the 
proof). From (4) we obtain v,.2(0A,) 2 vne(A) — vna(A,). From this, \,-2(0A) 

Tn—1Yn..(OA) and (5), we deduce 

Vn(Ay) 2 vno(A)-}1 — exp (—o,7!o,-a1) f, (6) 
thus proving Lemma | for k = 2 

To obtain the result for k > 2, we use the recurrence relation (3) and apply (6) 
k — 1 times, with ¢ replaced by t/(k — 1) each time. 

5. We need two more lemmas which will be given without proof. The first of 
these is quite elementary. We denote by P|) the distance of the point P from the 
origin. 

LemMa 2. Let C be a convex body in E" such that S, ¢ C, let P be a point on the 
boundary of C, and let p> 1,6 >0. Denote by P’ the projection of P from the origin 
on the sphere pS,: 2° + . + 7," p. Then if |\\P|| 2 p(1 + 4) all points of 
pS, whose geodesic distance from P’ is < 6/(1 + 6) are contained in C, while if ||P\| < 
p/(1 + 6), all pornts of pS, whose geodesic distance from P’ is < 6 are outside C. 


n 


The following lemma, though less elementary, is also not difficult to prove. 

LemMa 3. Let Q, denote the cube —2 < x; < 2(7 1,2, ...,m) and let A(r) be 
the projection from the origin on S,, of those points of Q, whose distance from the origin 
exceeds r. Define rz by vn 4(A(r,)) 1/2 then r,, on’) asn— ~, 

6. We proceed to the proof of Theorem 1. It will first be established under the 
assumption that C satisfies 


8, 8enC 6.0) (7) 


Let p p(C) be chosen so that the projections U(resp., V) from the origin on S,, 
of the boundary points of C whose distance from the origin is smaller (resp. larger) 


than p satisfy 
msl rs. 1 Z. Daal ) S U7 z. (8) 


It follows from (7) and Lemma 3 that 
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Let 1 > ¢ > O and assume that no /* intersects the boundary of C on a set which 
is contained entirely in the annular region (1 — €/2)p < |v!) < (1+ €/2)p. Then, 
unless all points of E* a C are closer to the origin than (1 — €/2)p, it must contain 
points whose distance from the origin exceeds (1 + €/2)p. Let V’ be the projection 
on the origin of the points of C whose distance from the origin exceeds (1 + €/2)p; 
then we have just observed that v,..(V") + unc(Grx(U)) > Land hence, by (4) and 
(8), vnc(V’) > 3/4. Similarly v,.(U”) > 3/4, where U”’ is the projection from the 
origin on S, of the boundary points of S, whose distance from the origin is smaller 
than (1 — ¢/2)p. It follows from Lemma 1, (9), and Lemma (3) that, for fixed 
and ky, vna(U’ 2.) + vna(V’2,) > 1 for n sufficiently large. But U’,/2, and 
V’ 2, are disjoint by Lemma 2, and thus the sum of their v,,, measures cannot 
exceed 1. This contradiction proves Theorem | under assumption (7). 

In order to complete the proof of the theorem, we notice that the construction in 
a paper by C. A. Rogers and the author? implies that to every n there corresponds N 


of owe: : : wN : . 
such that if C’ is any symmetric convex body in £’, then there exist an affine trans- 


formation 7’ and a subspace 2” for which C = E" TC" satisfies (7). (The fact 
that an affine transformation is employed does not necessitate the replacement of 
spheres by ellipsoids in Theorem 1, since every n-dimensional ellipsoid has a [(m + 
1)/2]-dimensional section through the origin which is spherical.) 

7. Asan immediate application of Theorem | we give an affirmative answer to 
a problem of Banach. 

THEOREM 2. Let B be an infinite dimensional Banach space and assume that for 
some fixed k > 2 all k-dimensional subspaces of B are isometric, then B is a Hilbert 
space. 

The case k = 2 is, according to Banach, due to S. Mazur. It is likely that the 
theorem is true for any Banach space of dimension greater than /, but the proof 
seems to present great difficulties. 

Another immediate application shedding light on the metric structure of infinite 
dimensional linear spaces is the following confirmation of the stronger conjecture of 
A. Grothendieck. ! 

We say that one Banach space B;, is of smaller metric type than another By, if for 
every « > 0 and every finite dimensional subspace 7; of B, there exist a finite di- 
mensional subspace .W> of By, and a one-to-one linear mapping 7’ of 1, on Ms with 
both 7 and its inverse having norms differing from | by less than ¢ (see also!). This 
notion induces a partial ordering and equivalence classes in the family of infinite 
dimensional Banach spaces. Theorem | implies. 

THEOREM 3. Infinite dimensional Hilbert spaces are characterized by having the 
least metric type among all infinite dimensional Banach spaces. All Hilbert spaces 
(of finite or infinite dimension) are characterized by having a smaller metric type than 
any infinite dimensional Banach space. 

Further applications of Theorem | will be given elsewhere. 

8. The use of the symmetry of C in the proof of Theorem | can be avoided and 
the theorem holds for all convex bodies for which the origin (the point through 
which the E* pass) is not too proximate to the boundary. This concept of proxim- 
ity is such that the center of a symmetric convex body is never too close to the 
boundary. This will be shown in a future paper, where we also hope to discuss the 
function N(e, &) and a similar result for projections. 
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For bodies satisfying (7) we actually proved not only the existence of E* with a 
(Cn EB) < e but that the yp, measure of such E* is positive, for n sufficiently large. 
This can be further strengthened by showing that this measure approaches 1 as 
n— o. For general C similar assertions with spheres replaced by ellipsoids can 
be established using Theorem 5A of Dvoretzky and Rogers® or similar results. 

The assertion of these authors* recalled in the last paragraph of 6 was used in? in 
order to prove that in every infinite dimensional normed space there exist series 
which are unconditionally, but not absolutely, convergent. The proof was based 
on showing that in every infinite dimensional Banach space there exist series which 
behave, in an appropriate sense, like series of mutually orthogonal terms in a Hilbert 
space. Theorem | and its generalizations enable a much wider carrying-over of 
many examples in Hilbert space to normed, and more general, infinite dimensional 
spaces. 

* This research was sponsored in part by the Office of Naval Research NONR-266(51 ). 

' A. Grothendieck, “Sur certaines classes de suites dans les espaces de Banach et le théoréme de 
Dvoretzky-Rogers,’’ Bol. Soc. Mat. Sdo Paulo, 8, 83-110, 1953. 

2D. Ohmann, “Eine Verallgemeinerung der Steinerschen Formel,’’ Math. Ann., 129, 209-212, 


1955. 
3A. Dvoretzky and C, A. Rogers, “Absolute and Unconditional Convergence in Normed Linear 


Spaces,”’ these PROCEEDINGS, 36, 192-197, 1950. 
'S. Banach, Théorie des opérations linéaires, (Warsaw, 1932), pp. 244-245. 


SPACES FOR WHICH THE RICCI SCALAR RIS EQUAL TO ZERO. ITI 
By LurHer P. KiseNHART 
PRINCETON UNIVERSITY, PRINCETON, NEW JFRSEY 
Communicated December 8, 1958 


In this paper, as in the previous one with the same title, the purpose of the study 
is to obtain results which may be of use in the determination of the so-called time 
symmetric gravitational solutions of Einstein’s field equations. At the time of 
symmetry, 7’ = 0, the space part of the metric is arbitrary except for the condition 
that its Rieci scalar F is equal to zero. 

1. The paper deals with a 3-space with positive definite quadratie form in terms 
of an orthogonal family of hypersurfaces, namely, 

Liao 
ds? S* gi dr?. 


— 
1 


In terms of this form, the equation R = 0, as derived in the former paper, is 


If 1 OP gee 1 OPV 9g; 0 logVau/o log-V guy 0 logvV gas 
; a me + + 
gulLV ge Ox VW g33 Ow" On; On} Orv; 
0 logV go. 0 log gas | ' l | 1 O?+/ 933 1 1 OvVgn 9 log gu “ 
Ox; On} | G22 V9 33 Ore” Vou On 9” Ox» 


Ons Ox» Ox» Ons Vou O23” 


? logV9s | 0 von) 4 2 losV gis 0 ev 04 43 |_ vou, 
933 
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1 0?a/ gos 2 onan? logeVgu 2 loevon 4 
= + 


V goo Ox3" 0x3 Ors Ons 


2) 


0 log gu 0 log gue 0 
. : = , ( 
O23 O23 
The problem is the determination of expressions for the g,; satisfying this equation, 
in addition to those in the former paper. 
2. For the expressions 
Vou = Vo2 = eMr™, (3) 


where aq, is the function of 2; and a» of x2 and the requirement that g33; does not in- 


volve x3, equation (2) becomes 


” 
a) 


L OV gas, 1 1 OV 933 


) a | 2 (). (4) 
V 933 On V 933 Outs” 


Here, and in what follows in this paper, a prime denotes the first derivative of a 
function and two primes the second derivative. 


We take 
l O° / 33 l oO” v4 33 
nh gh oe 
V 933 Ox," V 933 Ox” 
Jf 
V 933 
these equations become 


ay 


from which one has 


and, from (3), 
Von = V gx 
Consider next the case for which 
V gu V G22 
where 8; is a function of x3, and the requirement that g3; does not involve 23. 
this case equation (2) is 1/gy times the left-hand member of equation (4) plus 
I ” ‘ fo 
(28;” + 326; 7) 0. 
933 


This equation is satisfied by the expressions (5) and (7), which, as shown above, 


satisfy equations (4), and by the equation 


283” + 36;? 
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of which the integrals 
Bs log 2X3. 5 
Accordingly, for the case that equation (8) is a solution one has 
Ven * Vigne Oe eee 


and g33 is given in equation (5). 
For the expressions 


Vou V Gos = "Boys, 
and g,; independent of x3, equation (2) becomes 


mm 3 ee | | OV 935 I OV 933 r B.” 
Von) | VV gss Onn? WV gag Ors? B» 


The expression in the first bracket is equal to zero for 
a, = X, V 933 = Ute, 
and the expression in the second bracket for 
Ys = X3" 
Accordingly, in this case 
V qui V goo rin . : V 933 = 110%. 
For the expressions 
Vea“ err, V ge are, 

and gg; a function of x; alone, equation (2) becomes 


, ok re V 933 
Or; 


‘ ” ‘ \9 ‘ 
2a;" + 3(az )* — 2a; 


= 0, 


the integral of which is 


1 _*/ as) 


V G33 = 3 ¢ 


Since no condition is imposed on a; and a», we take 


l 


and hence 


Von = e8- 
where a; is an arbitrary funetion of 2s. 
For the expressions 


V gu hs V gos 


Proc. N. A. S. 
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equation (2) becomes 
1,2,3 


l 
yi (2a,;” + 3a; *) 0, 


1 ii 
which is satisfied by 


a; = log ri . 
and equations (13) are 
2/; / 2 2 
V 911 _ (Xe2°3) r V 22 = (032) P V 933 (0,02) 


For the expressions 


_ ,aitpe+ys / + Baty / +Bitys 
V 911 me "3 V2 = em V 933 e* 


equation (2) becomes 


I 
Z. & = (8/)? + v;" de (y/)? a Biri _ a’ (B/ 4 vi) | 


i GJii 


We take 


Bi” + (Bi)? + yi” + (v7)? + Bly’ — af (B/ + v7) (0). 


These equations are satisfied by 
a; = log 7 20 , B, vi x". 
with n arbitrary, for which equations (15) are 
Von = 1%" —" xe"2x3", Von = xi"x9'"~” af. 
WV 33 = 21"X2"25 


Equations (16) are satisfied by 


3 
a, = 5ly GB; Vi Fe. 
for which equations (15) are 
Von = erent, gy = t=, 
V 933 er — 
Equations (16) are satisfied by 
a; = log z,-Ct™, B; log x", Vi og x 


with n arbitrary, for which equations (15) are 
V 911 = ey A a, VS der = 2177, FZ? 
933 = Xy"X2~ "V3 
Equations (16) are satisfied by 
a; = —3x:, B; 5. ¥ — 27, 
for which equations (15) are 


= Sxritvx 2x3 Fi 2x 3x2+x 
Vou ae , V G22 ¢ ; 
V 933 ¢ 
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(14) 


(15) 


(16) 


(18) 


(19) 


(20) 





ON INEQUALITIES OF SZEGO AND BELLMAN 
By INGRAM OLKIN* 
MICHIGAN STATE UNIVERSi:TY AND STANFORD UNIVERSITY 
Communicated by Einar Hille, December 12, 1958 
1. Jntroduction.—Szeg6' proved the following convex function inequality with 


alternating signs. 
THEOREM (Szegd). Leta, > a2 >... > domn—1 > O, f(x) be a convex function defined 


on 10, ay I, then 

2m 1 2m—1 

> (-—1)/"' f(a) >| > (-1) «| (1) 
1 


1 
We note that (1) does not hold for an even number of terms, e. g., f(z) = 2? + 1. 
r > 1, was considered independently by Weinberger.? 


Let a, > a2 >... > Am > O, then 


r 


The function f(x) = 2’, 
THEOREM (Weinberger). 


m m Tr 
E (-n a 2(E -yal, r> 1. (2) 
A generalized version of (2) is due to Bellman.?* 


Leta, > a2 >... > An > O, f(x) a convex function defined 


THEOREM (Bellman). 
on [0, ay], f(0) < 0, then 


> (—1)"' f(a) > 4/3 (—1)? «| (3) 


1 
We note that the condition f(0) < 0 cannot be relaxed if there are an even number 
of terms, but may be omitted if m is odd, as given by (1). 
We now obtain a stronger and more general inequality which incorporates (1)- 
(3): 
Let 1 > 
d 


function 


Wy > We >... > Wm > 0,4 > a >... > am > O, f(x) be a convex 
efined on [0, a;], then 


[ > (-1)"! v, | £0 + >5(—1)/-' wf(a;) > [5 ao) kee, was (4) 
1 1 


The proof makes use of a majorization theorem.’ We write 
k k 
> i Pith Whe << ty 2, 1S oe 
: n I 
? l, a = Dai. 
and sufficient condition for fix) < i y,) for all continuous convex functions f 
I 


(x) < (y) if a1 > 2 
The majorization theorem states that a necessary 


is that (x) < (y). 
Ifa; > a2 >... > a, > O, then a direct application yields 


Vi (x (—1)/"'a ) +- f(a) + f(as) + ~ + f(dom) < flay) + f(a3) +... 4+ 


Flam 1) 5 ia f(0), (5) 














Vou. 45, 1959 MATHEMATICS: A. STOKES 231 


2m—1 
s( +. (—i)" «)) + f(ar) + flay) +... + f(dom) < flay) + 
I 


f(a3) +... + f(Qom—1), (6) 


which is incidentically a proof of (1) and (3). Now define 
uo = 0, be = bz (—1)/-' a,, | el Lae m, 


A, = We — Wet, R= ek m, i = 'L. Wmt+1 = 0, 


m 


then 3 a; = 1, a; > 0, so that 
0 


m m m k 
1 (3 a) < yy ajf(uj) = aof(O) + > af 2 (—1)/-! f(a,;) + «f(0) | (7) 
0 


0 1 | 


m 
by (5) and (6), where e+; = 0, @&; = 1. This is identical with (4), since You; = 


m m 0 


> (—1)! w,a;, and Sia, = 1 — 5(—1)4 w,. 
l 0 1 


The author is indebted to 8S. Karlin for very helpful comments and suggestions. 


* This work was sponsored by the Office of Ordnance Research, U.S. Army. 
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THE APPLICATION OF A FIXED-POINT THEOREM TO A VARIETY OF 
NONLINEAR STABILITY PROBLEMS* 


By ARNOLD STOKES 
UNIVERSITY OF NOTRE DAME AND RIAS 


Communicated by Solomon Lefschetz, December 12, 1958 


1. Introduction.—We use a fixed-point. theorem for locally convex linear spaces, 
due to Tychonoff,'! to reduce the study of the boundedness and stability of certain 
n-dimensional vector differential equations to the study of the corresponding prop- 
erties of related first-order equations. In this manner we very simply obtain a 
variety of known results, and in certain cases we are able to clarify some of these 
results. 

Fixed-point theorems have been used to study the stability of systems of differ- 
ential equations before, notably by Hukuwara,? and Bellman,* but the present 
approach, by using Tychonoff’s theorem rather than Schauder’s result,‘ gives many 
more results in a greatly simplified fashion. 
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2. Definitions.-Let EF be the space of all continuous functions from the non- 
negative reals into R", the n-dimensional vector space over the real field. Topolo- 
gizing £ with the compact-open topology, we obtain a complete locally convex 
linear space. For such spaces, we have the following fixed-point theorem, a conse- 
quence of a theorem of Tychonoff’s: 

THeoreM. Let EF be a complete locally convex linear space. Let T:E —> E be 
continuous and compact, and let A be a closed, convex, bounded subset of Ek. If T(A) ¢ 
A, then there exists a fixed point of Tin A. 

3. Reduction to a First-Order Equation.We shall consider three types of n- 


dimensional systems: 
Ds f(t, x), 
A(t)y + f(t, x), where ||X(t)|| < K, ||X(OX—'(s)|| < K, 
x A(t)a + f(t, x), where ||X(t)|| < Ke~%, ||IX(())X—'"(s)|| < Ke7~*"~”, (3) 
with AK, ¢, > 0, where X(t) is the principal matrix solution to « = A(é)z, and A(t) 


is continuous in ft. We shall assume further that f is continuous on R"*+! into R", 
and that 


f(t, x)|| < Gt, |\z})), for t > 0, andzeD ¢ R’, (4) 


where G(t, 7) is piecewise continuous on /?, positive for t, r > 0, and nondecreasing 
Dn 


in 7 for fixed t; and D is some subset of f 
With (1) above we shall associate the operator 


T,(z) (t) = b+ 4s f 8, x(s))ds, (5) 


and with (2) and (3) we shall associate 


T(x) (t) = X(t)b + ff X(OX—"(s)f(s, x(s))ds, (6) 


where b is a vector in R”. 

To apply the fixed-point theorem, let B be a subset of R”, and let A ¢ FE be de- 
fined by 

A well |ix(t)|| < g(d}, (7) 

where g is continuous and positive for ¢ > 0. If 7,(A) ¢ A for each be B, then 
there exists a solution to the equation associated with 7, which passes through b 
at t Q and lies in A. 

Now T, (A) ¢ A if and only if |}7,(@) (8) < g(t) for all rveA. Using (4), the 
fact that G is nondecreasing in r for fixed ¢, and (7), this reduces, for equations (1) 


or (2), to choosing g so that 
Ky, \\b}|} + SS K,G(s, q(s)\ds < q(t) for ¢ = 0, (8) 


where Kk, | if equation (1) is considered; and K, = K if (2) is considered. For 


equation (3), we require 
K\ bile" + p Ke °“~? G(s, g(s))ds < g(t), for t > 0. (9) 


In deriving both (8) and (9), we assumed that g was such that zed implies x(t) eD, 
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so that (4) might be applied. Now note that, to satisfy (8), it is sufficient for g to 
satisfy 


g(t) > K,G(t, g(t)), g(O0) > Ky) ||, for ¢ > 0, (10) 
and, to satisfy (9), it is sufficient that 
g(t) > — og(t) + KGt, g(t)), gO) > K\b), fort > 0. (11) 


4. Applications.—For the first three applications, we will assume f is dominated 
by G everywhere, that is, D = R”. Further, the set B referred to above will con- 
sist of an arbitrary vector b in R”. 

(i). On Existence in the Large. 

THEOREM |. Jf, for any ro > 0, equation (10) has a solution defined on |0, ©) 
passing through ro at t = O, then for an arbitrary beR", (1) has a solution defined on 
(0, ©) passing through batt = 0. 

Proof: Take beR", and let g be a solution to (10) defined on [0, ©), with g(0) > 

b||. Using this g to define A as in (7), clearly the operator 7’, in (5) maps A into 
A, so a fixed point of 7, lies in A, and this point is a solution to (1). The theorem 
follows. 

CorRoLLARY 1. Assume |/f(t, x)|) < M()L(\v}|) for t > 0, and reR", where M, L 


are piecewise continuous, positive, and L is nondecreasing. If 


ps 1/D(s) ds 


for positive ro, then the conclusion of Theorem 1 is valid. 

Corollary 1 is due to Wintner,® and was later improved by him.* Conti’ recently 
has generalized this result still further. 

(ii). On Boundedness. 

THEOREM 2. If, for any ro > 0, equation (10) possesses a bounded solution through 
ro at t = O, then for any beR", there exists a bounded solution to (1) or (2) passing 
through batt = 0. 

Proof: Asin Theorem 1, where g is taken as a bounded solution of (10). 

Coro.uary 2. Assume ||f(t,x))) < M(OL() x))), where, in addition to the hypotheses 
of corollary 1, we have f,° M(s)ds < ©. Then the conclusion of Theorem 2 is valid. 

A theorem of this type appears in Bellman,’ where L(r) = r. Note that Corollary 
2 shows that L need not be linear, merely that a certain integral diverge. 

(iii). On Ultimate Boundedness.—Here we use ultimate boundedness in the sense 
of Yoshizawa.’ 

THEeorEM 3. If, for any ro > O, there exists a solution to equation (11) passing 
through ro at t = O which 7s ultimately bounded, then for any beR”, there exists a solu- 
tion to (3) passing through b at t = O which is ultimately bounded. 

Proof: Asin Theorem 1. 

Coro.uARY 3. Assume that for any € > 0, there exists r(e) > O such that 


f(t, x 


Then the conclusion of Theorem 3 is valid. 
Proof: Take beR". Choose ¢ < (¢/K), let 0 < 6 < 1, and let g(t) 
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K |b) e®"*~" 4+ (NK/o). This g satisfies (11), is ultimately bounded, and 
g(O0) > KI Ib). 

(iv). On Stability and Asymptotic Stability of a Critical Point.—For these last 
two applications, we assume that (1), (2), and (3) have a critical point at the origin 
and that D is some small neighborhood of the origin. For brevity we shall assume 
that in (1), (2) and (3) there is a unique solution passing through any point in D. 

THEOREM 4, If the equation + = K,G(t, r) (* = —or + KG, r)) possesses a 
stable (asymptotically stable) critical point at the origin, then (1) or (2) ((3)) possesses 
a stable (asymptotically stable) critical point at the origin. 

Proof: ‘Take g to be a solution of the appropriate equation above, where g(0) = 
6 > 0 is chosen so small that either g < ¢ for an arbitrary ¢, for stability; or g > 0 


as t— ©, for asymptotic stability; and in either case, g is so small that xeA implies 
a(t)eD. Then let B = }beR"1b) < é, and clearly, for all beB, 7,(A) ¢ A. The 
theorem follows. 

Coro.tuary 4. Let | f(t, x)|) < M(OLC\2))), for t > 0, and |\x|| < uw, where M and 


L are piecewise continuous, positive, and L is nondecreasing. If 


l 
L(O) O, lim 1 ds = © 
opt vs LaC8) 


for , positive Sand 
pi Mis) ds < ~, 


then in (1) or (2) the origin is stable. 

Again a theorem of this type appears in Bellman,’ with L(r) = r, and again the 
essential point is that a certain integral diverge. 

Coro.LuaRy 5. Assume that for « > 0, there exists ule) such that f(t, x)) < ela 
fort > 0, x) <p. Then in (3), the origin ts asymptotically stable. 

COROLLARY 6. Assume that for « > 0, there exists T(e€) > 0 such that 


. (kila|] + @lla|i'+*, forO < t < Te), 
I(t, w) , b 1+a ” 

Vellal] + Cllal|t+ , fort = MOY 

for |x < ple), where k,b, > 0,a > 0. Then in (3), the origin is asymptotically 
stable. 

Proof: In Corollary 4, the origin is stable in (10). In Corollaries 5 and 6, the 
origin is asymptotically stable in (11) for e< (¢/K). 

Corollary 5 is a well-known result, due to Perron. Corollary 6 appears in Cod- 
dington and Levinson." 

* The results presented here are based on material contained in the author’s thesis, written as 
partial fulfilment of the requirements for the Ph.D. degree at the University of Notre Dame. The 
author wishes to thank Dr. J. P. LaSalle for his valuable suggestions and constant encouragement 
during the development of this study. The author also is grateful to the Office of Naval Research 
for their assistance while at the University of Notre Dame. 
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CROSS-REACTIONS OF STREPTOCOCCAL A AND V CARBOHYDRATES 
IN TYPE II ANTIPNEUMOCOCCAL HORSE SERA 
By MicuHartt HeIDELBERGER, PH.D., AND Mactyn McCarry, M.D. 


INSTITUTE OF MICROBIOLOGY, RUTGERS, THE STATE UNIVERSITY OF NEW JERSEY, AND THE 
ROCKEFELLER INSTITUTE, NEW YORK 


Communicated December 17, 1958 


INTRODUCTION 
In the course of animal passage of a variety of strains of group A streptococci, 
variants (V) have arisen which contain a group-specific cell-wall carbohydrate 
(C substance) of different serological specificity from that of the parent strain.! 
The carbohydrates of both the group A and variant strains are composed prin- 


cipally of rhamnose and hexosamine, but the ratio rhamnose/hexosamine is much 


higher in the case of the variant carbohydrate. In a study designed to elucidate 
the chemical basis for the serological differences of the two carbohydrates, soil 
organisms were isolated which form induced enzymes capable of destroying the 
serological activity of each of the carbohydrates.2. The enzyme attacking the 
V earbohydrate (V enzyme) caused extensive splitting, with the appearance of 
dialyzable products, and inhibition studies with split products indicated that the 
serological specificity of the carbohydrate is dependent on a rhamnose linkage. 
On the other hand, the enzyme which destroyed the reactivity of group A earbo- 
hydrate with homologous antisera (A enzyme) caused the release of a single dia- 
lyzable fragment which was identified as N-acetylglucosamine. The residual A 
carbohydrate, after enzymatic removal of 50-66 per cent of the total hexosamine, 
now showed strong cross-reactions with V antisera. These cross-reactions were in 
turn eliminated by treatment with V enzyme. The removal of N-acetylglucos- 
amine from A carbohydrate eliminated its characteristic reactivity with homol- 
ogous antisera and at the same time uncovered antigenic sites with the rham- 
nose specificity characteristic of V carbohydrate. 

In another investigation, the complex immunological type specificity of Type II 
pheumococcus was shown to be separable into three partial specificities,’ each 


characteristic of one of the sugars, L-rhamnose, b-glucose, and p-glucuronic acid, 
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of which the type-specific polysaccharide of Type II pneumococcus is composed.*, ® 
One of the polysaccharides containing L-rhamnose which showed cross-reactivity 
in Type II antipneumococcal horse serum was the C-substance of group A hemo- 
lytic streptococci. It accordingly appeared probable that if the cross-precipitation 
were actually due to multiple reactive groupings of suitably linked L-rhamnose, 
as postulated by Heidelberger and Adams* on the basis of a quantitative theory 
of the precipitin reaction,® the V substance would precipitate more antibody 
from Type II antisera than the A carbohydrate, in which the residues of L-rhamnose 
must occupy less exposed positions and constitute a smaller proportion of the total 
sugars. Similarly, treatment of A carbohydrate with A enzyme would be expected 
to increase its cross-reactivity with Type II antisera, and the action of the V 
enzyme should largely destroy both the reactivity of this material and that of the 
V carbohydrate. Experiments to test these predictions and which verified them are 
described in the present paper, and conclusions are drawn as to the linkage of some, 


at least, of the rhamnose residues in the A and V carbohydrates of group A strep- 


tococci. 


EXPERIMENTAL 


Materials and Methods.—The antisera used were generously supplied by the 
Division of Laboratories and Research, Department of Health, State of New York, 
and by the Bureau of Laboratories, New York City Department of Health. Anti- 
serum IT 513 contained 9 yg. anti-C and 3,600 ug. anti-S II nitrogen per milliliter, 
serum IT 1054, 97 wg. anti-C and 1061 ug. anti-S II nitrogen per milliliter. 

Quantitative estimations of precipitated antibody nitrogen were carried out as by 
Heidelberger et al.,’ except that the Markham method*-’ was used instead of the 
ordinary micro-Kjeldahl technique. Reaction mixtures were allowed to stand 
in a O° C. bath for 2 weeks or more, and the tubes were inverted for drainage in 
a cold box before the first and second washings, as described by Heidelberger and 
Rebers.'” 

The streptococcal A and V carbohydrates were prepared according to McCarty,’ 
with an additional step involving treatment with ion-exchange resins (Dowex 2 
and 50) to remove possible contaminating material. Treatment of the carbo- 


TABLE 1 
PRECIPITATION OF TypPE I] ANTIPNEUMOCOCCAL HORSE SERA AT 0° ( 
Group A HEMOLYTIC STREPTOCOCCI 
(All Results Caleulated to 1.0 ml. Serum) 


‘ 


BY C-POLYSACCHARIDES OF 


AMOUNT 
or Poy ANTISERUM IT 513* ANTISERUM IT 1054CT 
SACCHARIDE Subst. A Subst. V Subst. D Subst. A, Subst. V, Subst. D, 
Usep, ue pe. N pptd. we. N pptd. pe. N pptd. we. N pptd. wg. N pptd. ug. N pptd 
10 Ot 3t tt 
20 l 4§ 5 5 
‘ : ve mC + + + 
30 lf 66 59 Of +f 47 
50 ‘ 63 of 
150 ; 43 19) 
* Owing to the low content of anti-C in this serum, absorption with pneumococcal C-substance (Pn C) was not 
carried out, 
t+ Absorbed with Pn C 
t Analyses actually run with 2.0 ml. antiserum. 
§ Analyses run with 3.0 ml. antiserum. The actual value of N obtained was 11 yg. 
Analyses run with 2.0 ml. antiserum. The actual values of N obtained were 11, 10 wg., equal to that with one- 
half again as much serum and A substance. 





Vo, 45, 1959 MICROBIOLOGY: HEIDELBERGER AND McCARTY 237 


hydrates by the A and V enzymes was carried out as by MeCarty.2 The A poly- 
saccharide degraded by treatment with A enzyme is designated D. 

Data obtained in the precipitin reactions with freshly prepared solutions of A, 
D, and V are summarized in Table 1. It will be noted that the cross-reactivity of 
the A substance was considerably greater in serum IT 513 than in the 1054C serum 
previously used.* 

In order to find out whether or not the increased precipitation with V could be 
due to a cross-reaction of any traces of protein in V with antiprotein in the un- 
usually potent antiserum II 513, a culture of pneumococcus I 192R, kindly furnished 
by Dr. Nobuo Sakurai, was washed once with saline, extracted briefly in the cold 
with 0.05 N NaOH, and centrifuged. The supernatant was acidified to maximum 
precipitation with N acetic acid, and the precipitate was centrifuged off, re- 
dissolved, and centrifuged until clear. Portions of the crude protein mixture 
were set up with the antiserum, as shown in Table 2. The supernatant from the 


TABLE 2 


PRECIPITATION OF 1.0 Mu. ANTISERUM IT 513 at 0° C By CrupE PNEuMOcOocCAL PROTEIN 


Soluble Pn Protein N Total N Pptd., Antibody N Pptd.,* 
Added, ug peg. ue. 

5 20 5T 

5 


l 
t! 


61 167 
151 169 18t 
150 386t 
* The assumption is made that in the first three sets of tubes all of the antigen N added 
is in the precipitate. 
t Allowing for N deposited from a protein blank 
t The supernatants, +40 ug. V, gave 74 wg. N, both values caleulated to 1 ml. of original 
serum. 
largest precipitate, which contained less of the easily precipitable antiprotein than 
the original serum, reacted as heavily with V as did the unabsorbed serum. 

To make the study more complete, solutions of the A, D, and V carbohydrates 
containing 3 mg/ml were treated with V enzyme.? Most of the enzyme was 
removed by treatment with chloroform-pentanol.'' The rhamnose content'? of 
the final solutions was: A, 1.1 mg/ml; D, 1.2 mg/ml; V, 1.9 mg/ml. As had 
been anticipated from the ready dialyzability of the fragments after treatment with 
V enzyme, duplicate quantitative analyses set up as for Table 1 with 2.0 ml. of 
antiserum 513 failed to show any precipitation at the levels 0.01, 0.03, 0.1, 0.3, 
and 1.5 mg/ml of serum, based on the weights of polysaccharides treated. The 
supernatants from the 1.5-mg. tubes were then set up with 0.02 mg/ml of intact 
A, D, and V carbohydrates. Precipitation was entirely inhibited, while the control 
tubes without degraded A,D, and V showed 2, 36, and 43 yg. of N precipitated 
per ml. of serum. The solution of A, apparently, had suffered some loss in pre- 
cipitating power during the 6 months which had elapsed since the analyses recorded 
in Table 1 were run. 

DISCUSSION 

It is apparent from the data given in Table I that the V and D substances 
degradation products of the group A hemolytic streptococcal C-substance, in 
which much of the N-acetylglucosamine has been eliminated—precipitate more 
antibody from Type II antipneumococcal sera than does the A substance itself. 
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The difference is about fourfold in the more potent antiserum and considerably 
less in the other. 

Since these differences are in the predicted direction, the results may be taken 
as a confirmation of the assumption® that the cross-reactivity of the group A C- 
substance in Type II antipneumococcal sera is actually due to the presence of 
multiple units of suitably linked L-rhamnose. The findings are also in accord with 
the views of Kabat!* on the importance of terminal sugar residues in the immune 
reactions of polysaccharides, since some of the L-rhamnose residues in the V and 
1) substances would necessarily be nearer the ends of these molecules, if they are 
not actually end groups, than in the undegraded A substance. Since all of the 
rhamnose in the specific polysaccharide of Type Il pneumococcus (S IT) appears 
to be linked by bonds in positions 1 and 3,4 one may confidently predict that a 
portion of the L-rhamnose, at least, in the streptococcal group substances A, V, 
and D will also be found to be linked 1,3-. Unfortunately, it is not yet known 
whether the rhamnose linkages in 8 II are a- or B-. Should the presence of 1,3- 
linked rhamnose be confirmed, quantitative immunochemical methods will once 


more have provided evidence of their great power. 

The dialyzable fragments produced by treatment of the A, D, and V ecarbo- 
hydrates with V enzyme? fail to show cross-precipitation with Type II anti- 
pneumococcal serum but inhibit the reaction of the intact substances. Both 


these effects are in accord with earlier studies.” * 


SUMMARY 


1. Through the use of quantitative immunochemical techniques, predictions 
have been confirmed that the variant group A C-substance of hemolytic streptococci 
and the enzymatically degraded group A substance would precipitate more anti- 
body from Type II antipneumococcal sera than the original group A C-substance. 

2. The findings indicate that a portion of the rhamnose, at least, in the strepto- 
coccal substances is linked in the 1,3-positions, as is the rhamnose in the specific 
polysaccharide of Type Il pneumococcus. 

3. Degradation of A, D, and V by V enzyme results in fragments which cross- 
react only by inhibition of precipitation by the intact substances. 
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GLUTATHIONE AND SULFUR OXIDATION BY THIOBACILLUS 
THIOOXIDANS* 


By Isamu Suzuki AND C, H. WERKMAN 
DEPARTMENT OF BACTERIOLOGY, LOWA STATE COLLEGE 


Communicated December 15, 1958 


The ability of Thiobacillus thiooxidans to oxidize elemental sulfur to sulfurie acid 
has been known since Waksman and Joffe! first isolated this chemoautotrophie bac- 
terium in 1922. The mechanism of sulfur oxidation, however, has remained vir- 
tually unsolved in spite of efforts by many workers. 

In his study on the formation of sulfide by sulfur bacteria, Starkey? observed 
that 7. thiooridans evolved a small amount of hydrogen sulfide from sulfur. He 
suggested that sulfide was formed from sulfur by sulfhydryl groups present in the 
cells, through a mechanism similar to that proposed by Sluiter.’ Sluiter showed 
a nonenzymic reduction of elemental sulfur by reduced glutathione (GSH), form- 
ing hydrogen sulfide and oxidized glutathione (GSSG), according to the equation 


+ 2GSH — H.S + GSSG. 


Parker and Prisk* demonstrated the ability of 7’. thiooxidans to oxidize hydrogen 
sulfide to sulfurie acid, with elemental sulfur as a possible intermediate. 

Our efforts to prepare a cell-free extract of 7. thiooxidans which could oxidize 
sulfur were unsuccessful. When GSH was added to the system together with 
sulfur, however, there was an appreciable amount of oxygen uptake when measured 
manometrically. In the presence of excess sulfur the amount of oxygen taken up 
was proportional to the amount of glutathione added. This observation led us to 
investigate a possible role of glutathione in the sulfur oxidation by the organism. 


MATERIALS AND METHODS 


Thiobacillus thiooxidans No. 8085 was obtained from the American Type Culture 
Collection and was grown in Starkey’s medium as described previously.® Cell-free 
extracts of this organism were prepared according to Suzuki and Werkman.® 

Thiosulfate and polythionates were determined by the method of Sérbo.’? Thio- 
sulfate was converted to thiocyanate in the presence of cyanide and cupric ions; 
then thiocyanate was determined as the iron complex by adding a ferric nitrate 
reagent. The optical density was read in a Spectronic 20 at 460 my. Poly- 
thionates were converted to thiocyanate without adding cupric ions. 

Hydrogen sulfide was absorbed in | 1/7 cadmium acetate solution and was deter- 
mined colorimetrically by the methylene blue method according to Fogo and 
Popoysky.® 

The Barcroft-Warburg apparatus was used to measure the oxidation of various 
sulfur compounds. The uptake of oxygen cannot be followed in case of sulfide 


oxidation because of the presence of hydrogen sulfide gas, but the total oxygen up- 


take when the oxidation of hydrogen sulfide reached completion could be deter- 
mined. 
239 
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EXPERIMENTAL 
Oxidation of Sulfur-Glutathione System.—Various amounts of the cell-free extract 
of 7. thiooxidans were incubated with sulfur and GSH in Warburg flasks, and the 
uptake of oxygen was measured manometrically. The results are shown in Figure 
1. There was some oxygen uptake even in the absence of the extract, but there 
were increasing amounts of oxygen uptake with increasing volumes of the extract. 
In the absence of GSH there was no oxygen uptake. Glutathione alone in the pres- 
ence of the extract was oxidized at a much slower rate than the sulfur-glutathione 
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Oxidation of the sulfur-glutathione Fig. 2.—Oxidation of  sulfur-glutathione 
Nach flask contained GSH 20 wmoles; — system in the presence of EDTA. Each flask 
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system. 


sulfur suspension (3.2 gm. in 100 ml. water 
containing 50 mg. of Tween 80) 0.5 ml.; tris 
(hydroxymethyl )aminomethane (pH 7.4) 100 
umoles; the cell-free extract varied; 10 per 
cent KOH 0.2 ml. (center well); and water to 
make a total volume of 2.0 ml. O: No extract. 


contained sulfur suspension (3.2 gm. in 100 ml. 
water containing 50 mg. of Tween 80) 0.5 ml.; 
EDTA 2 yumoles, tris (hydroxymethyl )amino- 
methane (pH 7.4) 100 uwmoles; GSH 20 umoles 
unless specified; the cell-free extract varied; 10 
per cent KOH 0.2 ml. (center well); and water 


: to make a final volume of 2.0 ml. O: No ex- 
0.3 ml. extract. @: 0.5 ml. extract. *: 0.2 tract. @: 0.05 ml. extract. A: 0.1 ml. extract. 
ml. extract and 2 wmoles of EDTA. Gas a: 0.2 ml. extract. @: 0.1 ml. extract, sulfur 
phase: air. The incubation was carried out at omitted. 0.1 ml. extract, GSH 10 umoles. 
31°C, Gas phase: air. The incubation was carried 
out at 31° C. 


@: 01 mi. extract. A 0.2 ml. extract. a: 


When ethylenediamine tetraacetate (HDTA) 
was present, the oxygen uptake was very rapid for the first 20 minutes, then 
leveled off (Fig. 1). 


system in the absence of the extract. 


Increasing amounts of the extract affected only the rate of 


oxygen uptake, and the total oxygen uptake was dependent on the amount. of 


glutathione added (Fig. 2). 
In another experiment the oxidation-reaction mixture of sulfur and glutathione was 
examined for the presence of thiosulfate and polythionates according to Sérbo.? 
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The results are shown in Table 1. Increasing amounts of thiosulfate were formed 
with increasing volumes of the extract, although there was a considerable amount 
of thiosulfate in the absence of the extract. The amounts of polythionates formed 
were not affected by the addition of extract. Polythionates were not characterized, 
and the concentrations were expressed as trithionate in this table. The addition 
of EDTA resulted in a decrease in thiosulfate formation, as well as oxygen uptake. 
There was very little thiosulfate formation in the absence of sulfur. A small 
amount of oxygen uptake observed was probably due to the oxidation of reduced 
glutathione to oxidized glutathione. 


TABLE 1 
OXIDATION PRODUCTS OF THE SULFUR-GLUTATHIONE SYSTEM 
Cell-Free Oxygen Thiosulfate Polythionates 
Extract EDTA Uptake Formed Formed 
Flask* (u Moles) uMoles) (uMoles) (uMoles) 

0 ‘ l.< 

0 ge 2 

0 6.: 

2 o.! 0 

0 2. 0.: 

* Each flask contained tris(hydroxymethyl)-aminomethane (pH 7.4), 200 nmoles; GSH 20 umoles; 
sulfur suspension (3.2 gm. in 100-ml. water containing 50 mg. of Tween 80) 0.5 ml. except flask 5, where 
sulfur was omitted; EDTA and the cell-free extract as indicated; and water to make a total volume of 
2.0 ml. The reaction was run for 5 hours in air at 31°C. The reaction was stopped by the addition 
of 0.7 ml. of 1 M cadmium acetate. The reaction mixture was centrifuged, and an aliquot of the 
supernatant was analyzed for thiosulfate and polythionates. 


The effect of EDTA on the sulfur-glutathione oxidation by the cell-free extract 
of 7. thiooxidans is not simple. It stimulates the rate of oxygen uptake, but the 


total oxygen uptake and the amount of thiosulfate formed are smaller than in its 
absence. The addition of ions such as Fe++, Mg++, Mn++, Cot++, and Cat+ did 
not increase the total oxygen uptake. EDTA apparently stimulates the oxidation 


of the sulfur-glutathione system, leading to a product other than thiosulfate, very 
possibly elemental sulfur. 

Both in the presence and in the absence of EDTA there was no formation of 
sulfate, as determined by the addition of BaCl. to the reaction mixtures. 

When GSH was incubated with sulfur under nitrogen at pH 7.4, there was a 
rapid formation of H.S. Hydrogen sulfide was trapped by a cadmium acetate 
solution placed in the center well of a Warburg flask and was determined by the 
methylene blue method. The rate of H.S production was not affected by the 
addition of the cell-free extract or EDTA or both. 

Glutathione is apparently capable of reacting with thiosulfate also. There was 
H.S formation when 500 pmoles of thiosulfate were incubated with 20 umoles of 
GSH at pH 7.4 under nitrogen, but the rate was slower than the glutathione- 
sulfur system and was stimulated approximately four times by the addition of 
0.1 ml. of the cell-free extract. When 500 umoles of thiosulfate were incubated 
with 0.1 ml. of the extract in the presence of 20 umoles of GSH and 2 umoles of 
EDTA at pH 7.4 in air, 5 umoles of oxygen were taken up. There was a formation 
of 0.8 umole of polythionates. This result indicated that polythionates can be 
formed also from thiosulfate and glutathione. Thiosulfate alone could not be 
oxidized by the extract at this pH. 

Oxidation of Sulfide-——The oxidation of the glutathione-sulfur system by the 
cell-free extract suggested the ability of the extract to oxidize sulfide sulfur. Parker 
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and Prisk‘ observed the oxidation of hydrogen sulfide by the whole cells of 7. 
thiooxidans in their growth experiments. Their results were confirmed by a mano- 
metric experiment with sodium sulfide as substrate. The rate of oxidation was 
larger at pH 7.0 in tris (hydroxymethyl)aminomethane buffer than at pH 4.0 in 
sodium acetate-HCl buffer. Small amounts of thiosulfate, polythionates, and 
sulfate were detected from the reaction mixture at pH 7.0. 

Recently the oxidation of sulfide to thiosulfate by rat liver has been studied by 
several workers.’~!! The presence of a similar system in 7’. thiooridans was sus- 
pected. Various amounts of the cell-free extract of 7. thiooxidans were incubated 
with 10 wmoles of sodium sulfide in Warburg flasks. The uptake of oxygen stopped 
when approximately 5 wmoles of oxygen were taken up in all cases. Increasing vol- 
umes of the extract affected only the rate of oxidation, and the total oxygen up- 
takes were always the same (Table 2). The formation of elemental sulfur was 


evident from the increasing turbidity of the reaction mixtures during the sulfide 
oxidation. In the presence of EDTA, sodium sulfide was oxidized rapidly with a 
total oxygen uptake of 7.6 wmoles, and 2.5 ymoles of thiosulfate were formed 


(Table 2). Again the formation of sulfur was observed. 


TABLE 2 
OXIDATION OF SULFIDE BY THE CELL-FREE EXTRACT 
Time for Total 
Cell-Free Complete Oxygen Thiosulfate 
Extract EDTA Oxidation Uptake Formed 
Flask * (M1.) umoles) (Min.) (umoles) (umoles) 
I 0.0 0 Incomplete 
after 150 min. 
0 125 5 
0 100 
0 SO 5.0 
0 50 5.4 
6 2 410 ) 


SS Ot 


O00 OO 


* Each flask contained tris(hydroxymethyl)-aminomethane (pH 7.4) 200 wmoles; sodium sulfide 
10 pmoles; EDTA and the cell-free extract as indicated; and water to make a total volume of 2.0 ml 
The reaction was run at 31° C. and was stopped by the addition of 0.5 ml. of cadmium acetate solution 
(1 ). The reaction mixture was centrifuged, and 0.25 ml. of the supernatant was used for the deter- 
mination of thiosulfate 


The results in the presence of EDTA can be explained if 5 wmoles of sulfide were 
oxidized to sulfur and 5 ymoles to thiosulfate according to the following equations: 


Nas a 1/505 + H.O = Ss + 2NaQOH, 
Nas + Oo + '/4 H.O0 = I/>NaSol sy + NaOH. 


There will be an oxygen uptake of 7.5 umoles, which is in accordance with the result 
obtained. In the absence of EDTA, the amount of oxygen uptake was smaller 
than could be explained by the equations. Whether this discrepancy is due to 
the presence of some oxygen donors in the cell-free extract or the presence of an- 
other mechanism of sulfide oxidation is not known. 

There was no polythionate formation in the sulfide oxidation by the extract, a 
fact which distinguishes this oxidation from that of the glutathione-sulfur system, 
where there was a considerable formation of polythionates. 

The cell-free extract, boiled at pH 7.4 for 3 minutes, retained almost all the sul- 
fide-oxidizing activity in the presence of EDTA, but the activity in the absence of 
EDTA was considerably decreased, coinciding with the result by Baxter and van 
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Reen!! with a rat liver preparation. Dialysis aganist 5 X 10-4 WZ EDTA did not 
diminish the activity of the extract in either the presence or the absence of EDTA. 
Thus a factor or factors responsible for the activity are nondialyzable. 


DISCUSSION 


he role of glutathione in the oxidation of sulfur by 7’. thiooxidans may prove to 
be important. Sulfur is almost insoluble in water, and the ability of glutathione to 
form HS from sulfur and the ability of the organism to oxidize H.S rapidly make 
the hypothesis of sulfur-glutathione contact as the first step of sulfur oxidation very 
attractive. Elemental sulfur might enter the cell by forming S—S bonds with 
sulfhydryl groups of protein or with glutathione located near the surface of the 
cell. It is also possible that sulfur is reduced to hydrogen sulfide by glutathione 
outside the cell and enters the cell in the form of soluble sulfide ion. The presence 
of glutathione reductase in this organism'? also gives support to this hypothesis. 
Glutathione reductase may supply a mechanism for the reduction of oxidized 
glutathione in the sulfur-glutathione system according to the following equations: 


“et 


S + 2GSH — HS + GSSG, 
TPNH + GSSG + H+ ~ TPN?*+ + 2GSH, 


where TPNH is reduced triphosphopyridine nucleotide and TPN? is triphos- 
phopyridine nucleotide. If TPNH is formed during the oxidation of sulfur, gluta- 
thione reductase will continuously reduce glutathione, and reduced glutathione will 
in turn be used to reduce sulfur to sulfide to initiate the oxidation. 

Oxidation of sulfide by the cell-free extract of 7’. thiooxidans was similar to oxi- 
dation by rat liver.2~'! Elemental sulfur and thiosulfate were the oxidation prod- 
ucts. EDTA stimulated the activity, especially the heat-stable component of the 
extract. Baxter and van Reen!! claimed a metal-EDTA complex, which is dialyz- 
able, as the cause of the enhanced activity in rat liver preparations. The activity 
of the cell-free extract of 7. thiooridans, however, was not diminished by dialysis 
against EDTA. <A factor or factors responsible for the sulfide oxidation in the 
extract may be metalloproteins similar to hemoglobin, as proposed by Sérbo,’ but 
there is no evidence available to draw a definite conclusion. 

The formation of polythionates in the sulfur-glutathione system by the extract 
distinguishes this system from a simple sulfide oxidation. The mechanism of the 
formation is not known at present. GSH might have been responsible for the 
formation of polythionates from sulfide by rat liver tissue in the experiment by 
Smythe.'® Since Smythe also observed the formation of elemental sulfur in his 
experiment, GSH present in the liver preparation would have reacted with the 
sulfur, and polythionates would have been formed by this reaction. The sulfur- 
glutathione system can be distinguished from a simple sulfide oxidation also by the 
increasing amount of total oxygen uptake with increasing volume of the extract in 
the absence of EDTA and the total oxygen uptake independent of the volume of 
the extract in the presence of EDTA. In either case, however, the oxidation 
stopped short of sulfate formation, indicating that some factors are missing in the 
extract for the complete oxidation of sulfur compounds to sulfate. It should be 
mentioned here also that a heat-labile adenylate kinase present in this organism" 
prevented the study of adenosine triphosphate formation from adenosine diphos- 
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phate during the oxidation of the sulfur-glutathione system. When adenosine 


monophosphate was incubated with the cell-free extract of 7. thiooridans during 
the sulfur-glutathione oxidation, there was no formation of adenosine triphosphate. 


SUMMARY 


Elemental sulfur was oxidized by the cell-free extract of 7. thiooridans only in 
the presence of reduced glutathione. The oxidation of the sulfur-glutathione sys- 
tem was studied manometrically. Thiosulfate and polythionates were detected 
in the reaction mixtures. 

Sulfide was oxidized rapidly by both the whole cells and the cell-free extract. 
Thiosulfate, polythionates, and sulfate were formed by the whole cells, while 
elemental sulfur and thiosulfate were the reaction products in sulfide oxidation 
by the extract. Ethylenediamine tetraacetate enhanced the sulfide-oxidizing ac- 
tivity of the extract. 

A possible role of the sulfur-glutathione system in the oxidation of elemental 
sulfur by the organism is discussed. 
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BONE DOSES FROM STRONTIUM-90 
By W. F. Lispsy* 


GEOPHYSICAL LABORATORY, CARNEGIE INSTITUTION OF WASHINGTON, D.C., 
AND U.S. ATOMIC ENERGY COMMISSION 


Communicated December 1, 1958 


For condensed systems beta radiation is exponentially absorbed! with an ab- 
sorption coefficient, u, given by: 


(1 + AL, 100) 

1.27 X 55E*?’ "7 
where u is given in units of em?’ mg, / is the maximum energy of the beta spectrum 
in millions of electron volts, and .V/ is the average atomic weight of the absorbing 
medium. It seems reasonable to apply this relation to radiation-dose calculations, 
assuming the energy spectrum to vary relatively little with absorber thickness. 
The purpose of this note is to apply this method to bone-dose calculations for Sr” 
in equilibrium with its daughter, radioactive Y”. 

Thus for bone which has a composition such that V7 13 approximately, Sr®° 
(EF = 0.61 Mev) and its daughter Y* (2 = 2.18 Mev) have absorption coefficients 
of 0.0313 em?/mg and 0.00492 em?/mg, respectively. For an effective bone density 


of 2.0 gm/cm*, the linear coefficients would be 62.6 em~! and 9.8 em~', respec- 


n 
tively. Since the average energies are some 40 per cent of the maximum energy 


for ordinary beta spectra, the rates of energy deposition per gram of bone for a 
uniform Sr®* burden of 1 uve per 1,000 gm. of bone Ca or 7 kg. of bone, as in the 
Standard Man? would be 


2.2 X 10° XK 0.53 & 10° K 0.40(0.61 + 2.18) K 1.6 K 107° 
“x IV X 10” 


or 2,900 mrad /year. 

More importantly, the absorption coefficients of 62.6 cm~! and 9.8 em~ give the 
energy distribution around the bone crystals of finite size. Since 78 per cent of 
the energy is from Y“, the range of its radiation is almost dominant. For it, the 
mean range is 1.0 mm. or 1000 uw. Similarly for Sr” the mean range is 160 yu. 

Thus concentrations of Sr*’ on a microscopic scale will average out so that no 
correspondingly abnormally high local doses will result. Jn other words, an acute 
dose of strontium-90, which coats the surfaces of the bone erystals by exchange, 
will produce nearly the same dose throughout the bone as the same amount of Sr®° 
grown in at a steady and uniform rate if the bone trabeculae sizes are smaller than 
about 100 4, which is generally thought to be the case.* 

This point can be seen pezvhaps more clearly in Figure 1, where the dose rates 
for an infinite sandwich—infirite in lateral area and infinite in numbers of layers 
of bone and marrow (for which ./ 6) are given. The bone layers were taken to 
be 100 u thick and the marrow ) u thick, and the other constants are given above. 
The equations for the dose rates in millirad per year at the centers of the layers 
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derived on the exponential absorption methodology are as follows: 


~~. —0.002900 vy — 0.00045 
— (0).535¢ 1 — 0.9068e ‘ 


os 0.2636 0.00145 0.1863¢ 0.000225 
Marrow rate 1.90 : 


0.20736¢ 0.0029 0.1945¢e 0.00045 ) 


ae 0.535¢ 0.0029 l s 0.9063¢> 0.00045 


Bone rate tae (0.2081 + 


where ¢ is the specific activity of the bone in micromicrocuries of Sr®? per gram of 
bone (cf. appendix for derivations). 
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Absorber Thickness, 4 (microns 


Fig. 1-—-Central dose rates for infinite sandwich of Sr® sources 100 microns thick interleaved with 
absorbers \ microns thick. 


Oliver and Vaughan‘ calculate for a cylindrical shell of source material 100 » thick 
and radius ~1 mm. They estimate a dose of 1.58 rad/hr at the center of the shell 
and 0.40 rad/hr at the center of the marrow resulting from a concentration of 
about 5.4 we/g. For a concentration of 1 uuc/g this becomes 2.56 mrad/yr and 
0.649 mrad/yr, respectively, with a ratio of 


Max. dose in bone 


™ 


Min. dose in marrow 
Our method gives a dose rate at the center of the shell 
7.5 a (0.61 (1 = 50 X 0.0313 X 2 xX 10 nN 4 218 (1 ie” 50 X 0.00492 K 2 XK 10 3 
2 O46 
2.04 mrad ‘year for o of 1 uye/g. 
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The central marrow rate would be 


100 X 0.0313 K 2 K 10°! 


ae (l —¢ ) 
7.9 o| (0.61 0.029¢ 


—~950 & 0.029 K 107! 
0.0313 


100 X 0.00492 XK 2 K 10 


2.18 as. ) 0.0045¢ 950 X 0.0045 K 107! 
0.00492 


= 12le 
= 1.21 mrad/year for o of | wye/g, giving a ratio of 1.7. 


Engstrom et al.’ for a sandwich model with a source layer 70 u thick and ab- 
sorber layer of 900 uw calculate 4.93 mrad/yr as bone maximum and 2.19 mrad/yr 
as absorber minimum, with a ratio of about 2.2. 

Our method gives 3.40 mrad/yr at the center of the 70 u bone layer and 2.57 
mrad/year at the center of the 900 « marrow layer for a ratio of 1.3. 


APPENDIX 


Problem of Sr® Radiation Doses in an Infinitely Thick Sandwich Infinite in Lateral 
Extent with Sr® in One Set of Layers Only 


Assume mean energy is 40 per cent of maximum energy 

Thickness of source layers / (microns) 
Density of source layers ps (g/ce) 
Absorption coefficient of Sr“’s in source lavers us” (em?/mg) 
Absorption coefficient of Y® in source layers pu.’ (em?/mg) 
Thickness of absorber layers A (microns) 
Density of absorber layers Pa 
Absorption coefhcient of Sr%g in absorber layers Ua 
Absorption coefficient of Y° in absorber layers pe 
Specific activity of source layer o (uue/g) 


r l ny 
| l 


DOSE RATE FOR MIDPOINT IN ABSORBER LAYER 


Contributions from Layers No. 1 (mrad yr): 


g 2.2 X 0.53 X 10° X 1.6 K 10~° K 10 X 0.10 0.51 x 1000 ua” X 


a xX 10 'p 
(1 ( sr X 10 


’a + 218 X 1000 ua? X 
1000 p." 


Contributions from Layers No. 2: 


= 
a 7.5| 0.61 & 1000 nu,” 5) 
1000 pu,’ 


(e Au, X 107! pa —lus* K 10 Ps + J 18 <x 1000 as 
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Total for infinite number of layers: 


- ee lu," X 10°1p,) » 
o 7.3) 061 < 1000 n>’ as e7 gta" X 10-4 
Ms 


u,¥ X 10> 
es Ps) 


i - 
— + 2.18 X 1000 u,' : x 
(, —e’ : ‘Medes :) i 1000 p,’ 


x 10 Ra I " 
l oe eH’ x 10 ‘2, = lu,* X 10-!p, 


u Sr 
0.61 —s, (1 — « 


Ms 
1 =e Au, X 


MS" 


ioe 


d 
—lu,¥ X 10 ‘%) ef Qua’ X 10-'p, 


hu,’ X 10° p, — lu,¥ X 10-4», 


0.0313 em?/mg, 0.00492 cm?/mg, 
0.029 em?/mg, = 0.0045 em?/meg, 
== i: 


or 
eT 0.626 0.001454 
; 0.565 (1 — ¢ he : 
Central absorber dose — 0.00290 — 0.626 
—''¢ 


l 
as ~ 0.0984 0.000225.- 
2.02 (1 — « ye ‘ 
7 — 9 0-00045% —0.0984 


l 


0.00290 l bo 0.9063e7-00045 


— 0.5356 


(0) I63¢ -O.00145% 0 186 Jer 000225 
0 . 
| | 


Value for X = Oand o = 1/7.5 pue/g = 0.935'8.U. is 2.585 mrad /yr. 
Dose rate/S.U. = 2.76 mrad/yr. 
Similarly, 


Central source dose: 
7.5 o( 0.51 | — ¢ 


e — (Ate * x 10 
(Auta 
* 31072 p, + Ia” 107! p, 


0.2073¢ 0.00292 0.1945 0.00045 
4) » ale 7 

7.5 ¢ | 0.2684 + —* : 
| 1 — 0.535e 0.0029% | — 0.9063¢ 0.000452 
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Value for \ = O and o = 1/7.5 = 2.790 mrad /yr. 
Value for 1 S.U. and \ = 0 = 2.998 mrad/yr. 

* On leave from the University of Chicago. 

1A. D. Suttle, Jr., and W. F. Libby, Anal. Chem., 27, 921, 1955; W. F. Libby, Anal. Chem., 29, 
1566, 1957. 

2? N.B.S. Handbook, No. 52 (1953). 

3 A. Engstrom, R. Bjornerstedt, C-J. Clemedson, and A. Nelson, Bone and Radiostrontium (New 
York: John Wiley & Sons, Inc., 1957), p. 97. 

4. Oliver and Janet Vaughan, ‘“‘An Attempt To Assess the Dosage of Strontium-90 Received 
by Young Rabbit Bone,”’ Brit. J. Radiol., 29, 668, 1956. 


SET OF CO-ORDINATE SYSTEMS WHICH DIAGONALIZE THE KINETIC 
ENERGY OF RELATIVE MOTION* 


By DonaLp W. JEPSENT AND JOSEPH O. HirSCHFELDER 
UNIVERSITY OF WISCONSIN NAVAL RESEARCH LABORATORY, MADISON, WISCONSIN 
Communicated December 15, 1958 


A simple scheme is given whereby one can write down any one of a large number 
of possible sets of co-ordinates, to use in an N-particle problem, which have the 
property of expressing the relative kinetic energy of the system in diagonal form. 
This gives a Schrédinger equation without cross-derivatives. These sets of co- 
ordinates can be visualized in terms of certain ‘“‘mobile’’ models. It is easy to 
construct a ‘mobile’ which leads to a co-ordinate set appropriate to a particular 
physical problem. 

In treating the kinematics of a many-body problem by either classical or quantum 
mechanics, it is desirable to shift from space-fixed co-ordinates to relative co- 
ordinates and separate off the motion of the center of mass. The resulting expres- 
sions for the kinetic energy usually contain cross-terms in the relative velocities 
or momenta. The presence of these cross-terms greatly complicates the dynamics. 
It was the presence of such cross-terms which led Eyring and Polanyi! to skew the 
relative co-ordinates in treating the interaction of three hydrogen atoms. Their 
skewed co-ordinates represent a new set of relative co-ordinates, which is indeed 
a special case of the general co-ordinates without such cross-terms which we shall 
consider here. 

There are a great many different sets of relative co-ordinates which yield an 
expression for the kinetic energy of relative motion in diagonal form. One of these 


sets has been considered previously by Hirschfelder and Dahler.? They found 


that the kinetic energy of an N-particle system has the form 
T = '/2[Q + Q.? + + Oy?| 


if the co-ordinates are given by 


m Mo 
0; M, (r2 — 1%), 


Ms a 
Q. ( ) [my (15 — 71) + m(r; — 12)], 


MoM; 
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ie & 
Mrs : 
by ( a : 
@ (Fat) 2 milter — 14) 


N 
Ov = My~” > my;. 
j=1 


Here the m, and r; are the masses and co-ordinates, respectively, of the 7th particle 
and 


M, m + mo+ met... + m,. (6) 


The last of the co-ordinates Qy, is the square root of the mass of the system times 
the position of the center of mass, and the corresponding term '/.Qy? is the kinetic 
energy of the center of mass. Each of the other co-ordinates is proportional to 
a vector connecting the center of mass of the previously considered particles to a 
new particle. This new particle is thus brought into the expanding group of 
particles connected together by co-ordinates. If re, is the center of mass of the 
first / particles, 


To) 
M, 


then Q, can be written in the form 


M.iiM, ; 
Q, Mist (Traa — Tc, ). (S) 


This form for the co-ordinates suggests the ‘‘mobile” diagram shown in Figure 1. 
Each ball represents a particle, each rod represents a co-ordinate vector. A small 
loop represents a connection at the center 
of load of the two ends of the rod. The 
arrow denotes a co-ordinate to the origin 
fixed in space, the center-of-mass co- 
ordinate. 

The notion of a mobile may be used to 
obtain other sets of co-ordinates which 
give the kinetic energy in the form of 
equation (1). We begin by connecting 
any two particles together by a co-ordinate 
set to forma pair. Then we connect the 
center of mass of this pair, by means of 
a vector co-ordinate, either to another 





particle or to the center of mass of another 
pair like itself. The center of mass of the 


: aggregate of particles so formed can now 
BiG Mobile showing the co-ordinate system 


of Wirethteldar and Tabler be connected to another such group of any 


size, and the process continued until all 
the particles are connected together. The last co-ordinate connects the center of 
mass of the entire system to the fixed reference frame. This is the usual center- 
of-mass co-ordinate. The technique is illustrated by the mobile diagram of 
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Figure 2, which shows another possible co-ordinate system for the same set of six 
particles illustrated in Figure 1. 

Other classes of co-ordinate systems may be obtained by dividing the N-particle 
system into subsystems, each of which is considered separately. The kinetic 
energy for the N-particle system is the sum of the kinetic energies for the individual 
subsystems. An example of this procedure is shown in Figure 3. 





1 


Fig. 3.— Mobile showing sets considering the six 


Fic. 2.—Mobile showing an alternate set of co- 
particles as composed of three subsystems. 


~ 


ordinates for a six-particle system 

Now let us define the co-ordinates corresponding to these new mobiles. The 

last co-ordinate vector, gy, is the vector rey joining the origin in fixed space with 
the center of mass of the system of N particles, 

Gn = Ten. (9) 


All the other co-ordinate vectors join the center of mass of a set of particles, A, 
to the center of mass of another totally distinct set of particles, B. If we use the 
symbol a@eA to mean that the particle @ is contained in the set A, then the mass 
> m, and the position vector of the center of mass 


aeA 


of the set of A particles is given by 


rc(A) ( >> mata)/M (10) 


aeA 


of the set A is given by V4 


A set of particles can contain one or more particles. For a one-particle set, re(A) 


is the position of the particle. All the co-ordinate vectors except the last one can 
then be expressed in the form 


qi rc(A) — re(B). (11) 


Later in this paper it is shown that the kinetic energy has the form 


\ 
T /, > O2, 
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| 
with : , = My, 
on. a ae 


and O:* V ud 
The momenta conjugate to these co-ordinates are 


Di = bid and rE 0; (15) 
therefore, 


N 
pi = 1/,3> P?. (16) 


2 Mi 


Other classes of co-ordinate systems may be obtained by dividing the N-particle 
system into subsystems, each of which is considered separately. The kinetic 
energy for the N-particle system is the sum of the kinetic energies for the individual 
subsystems. An example of this procedure is shown in Figure 3. 

The choice of the best co-ordinate system depends upon the nature of the physical 
problem. For example, if we considered a collision between two diatomic molecules 
(1, 2) and (3, 4), then the Hirschfelder-Dahler co-ordinates would be extremely 
awkward. Instead, the natural system of co-ordinates would be those shown in 
Figure 4, either a or 6. In Figure 4, a, the co-ordinates of the two diatomic mole- 


Ee 


(a) 


(b) (4) 


lig. 4.—Mobile systems ol co-ordinates which might be used 
for the interaction of two diatomic molecules. 


In a: Qi = (myme/(m + me))!!? (re — 11) 


Qs = (msymys/(ms + my))"/? (ry — £3), 
Qs = (m + me)~!!? (mur, + mere), 
Qs = (ms + my)~/? (mors + mary). 
In 6b: Q) and Q» are the same as in a but 
m ‘ 3 
Q; = (m, + me + ms + my)? [ ( (mt, + Mere) 


my 


m, + a\? s 
. Gee) (M3%3 + May) 
T 4 


t+ 9g) 3/2 [oyt, + mee + MmaKs + mF]. 





V oL. 45, 1959 PHYSICS: JEPSEN AND HIRSCHFELDER 


cules are considered to be completely independent, whereas, in b, the co-ordinates 
of the center of mass of the four-atom system have been separated off. If the 
molecules remain intact throughout the course of the collision, these co-ordinate 
systems remain satisfactory.‘ If, however, the collision results in a chemical 
reaction taking place to form the molecules (1, 3) and (2, 4), then the natural co- 
ordinates at the end of the collision are those shown in Figure 4, ¢ or d. 

Proof of Diagonal Kinetic Energy.—The procedures described for constructing 
mobiles leads to co-ordinate systems each containing N co-ordinate vectors for a 
set of N-particles. For a particular mobile, each co-ordinate g, is related to any 
of the other co-ordinates, qg;, in one of three ways. If q; joins the centers of mass 
of the sets A and B and q, joins the centers of mass of the sets C and D, then the 
three cases are: (1) the sets A and B are completely independent of the sets C 
and D; (2) the sets C and D are contained in either A only or B only; (3) the 
sets A and B are contained in either C only or D only. The center-of-mass co- 
ordinate, gv, joins a set A containing all the particles to the co-ordinate axes. 
Hence qv is related to all other co-ordinate vectors in accordance with Case 2. 

These relations guarantee that the kinetic energy contains no cross-terms and 
enable one to write down the equations in relative co-ordinates immediately. We 
give here the proof for the quantum-mechanical case, but the classical case is com- 
pletely equivalent. 

The Hamiltonian in fixed co-ordinates is 

H te . + V (17) 

ae eal ' 

We wish to obtain a new set of co-ordinates by a co-ordinate change which has 
the form 


q, > AM (18) 


—z 
where the A/ are simply numbers. This transformation induces a corresponding 
transformation of 0/dr,; by the chain rule: 


0 
Or; 


(19) 


Hence 


pb = DL Athy. (20) 
- 


Using this formula, we may transform the Hamiltonian to the new co-ordinates: 


1 
H ='/,))— > Dd AtAdp’ pi + V (21) 
5 Mek 


A ‘A.!) pi pi + V. 


J 
H= *O¥(E- 
k l i 


n / 


We wish this expression to be of the form 


H = o> Dd Ndebe’ Pi - V, 
& | 
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For this to be true, we must have 


ail 
>, — APA,’ = dsb 


m 


In other words, if 


>> — A?#A;' = 0 for k #1, (24) 


m 


1 


the kinetic energy expression has no cross-derivatives as desired, and the “reduced 
masses’’ appearing in the transformed Hamiltonian are given by 


| 
u% = > — (AP)? (25) 


; mM, 
We must show that our method produces sets of co-ordinates defined by the A # 
satisfying conditions (24) and calculate the reduced masses, using (25). 
Let A and B be two groups of particles, and g; a co-ordinate vector between them, 
defined by 
l 1 
qi = Mala we: > MT g, (26) 


M 1 aeA Mp BeB 
in which V7, is the total mass of A, and J/, is the total mass of B. We see that 
the A*’s are defined as follows: 
l 
? 
M, 
l 


iP M, Mm, if m; is in B, 


A? n if m; is in A, 


A* = 0 if m; is in neither A nor B. (27) 


The A‘ defining other co-ordinates can be given similarly. Let g, be any other 
co-ordinate. We wish to show that 


> — AfA;' = 0. (24’) 


mM; 


t 


Three cases are possible: 

Case I. The definition of g, does not involve any of the particles of either A 
or B. In this case either A“ or A,' is zero in every term of the summation over 7, 
and hence the sum is zero. 

Case Il. The gq, is a vector between the centers of mass of two subsets of either 
A or B. We will assume for simplicity that these sets belong to A and denote them 
by C and D: 


| l 
qi = 7 eB a , M5 5. (28) 
41h ¢ yeC 4 Ip 6eD 


Since all the other terms in the sum will be zero, we may restrict the summation 
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over 7 to a sum over the particles in C pus a sum over the particles in D: 


3 
Ls AAG = 2. 27a. 


~ y 
m, er Mm. 


2 


how 


1 f/m, \/m, ms m; 
& m, G je) . x ms (= \ ae | 
l l | 
ae >» 5 = 
M, a (= m,) M, (x ms) | 0. (30) 


Case III. The q, is defined as a vector between the centers of mass of two sets 
such that both A and B lie in one of the sets. This case is proved by interchanging 
the roles of g, and gq, to obtain Case II. The proof remains true if qg, is drawn 
from the origin to the center of mass of the set. 


The reduced masses are given by 


l l mm, \* l Map \* 
ant = EGe) + Ba, (it) 
acd M, \M 4 X mg \Mp, 
l 


l l l 
> m, + re 
Men MB py a ee a 


aeA 


(31) 


Note that if B is empty, the second summation is absent and A, = 1/474. 
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>In our notation, Q;? = (Qi).? + (Qi),? + (Qi).2. This also applies to q;? in eq. (12) and the 
pi? and P;? in eq. (16). 

‘As EK. P. Wigner has pointed out to us in private correspondence, if the masses of the four 
particles are equal, then there is a co-ordinate system which treats each of the four particles in 


the same manner: 


(Qiu 
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Comparing with our co-ordinates of Fig. 4, 5, 

(Q, jy = Q;, 

(Q2)o = (Qi + Q:)/V2, 

(Qs)w = (Qe — Q:)/V2, 

(Qs)u = Qu. 
There are similar relations between the Wigner co-ordinates and our co-ordinates of Fig. 4, d. 
Wigner states that if the number of particles is a power of 2 and the masses are equal, there is a 
co-ordinate system of high symmetry in which all particles are treated equally. Unfortunately 
the form of the potential energy in the collision of diatomic molecules would make these Wigner 
co-ordinates inconvenient. 


ELECTRON-SPIN RESONANCE STUDIES OF RADIATION DAMAGE 
TO CERTAIN LIPIDS, HORMONES, AND VITAMINS* 


By Harvey N. Rexroapt AND WALTER GORDY 
DUKE UNIVERSITY, DEPARTMENT OF PHYSICS, DURHAM, NORTH CAROLINA 
Communicated by Charles R. Hauser, December 19, 1958 


In the present work we have applied the method of microwave electron-spin 
resonance to the study of radiation damage to certain lipids, hormones, and vita- 
mins. In the accompanying paper on the nucleic acids and their constituents, 
references are given to descriptions of the theory and experimental methods which 
are employed. The samples, which were in a powdered form, were irradiated by a 
kilo-curie cobalt 60 y-ray source. They were irradiated and observed under 
vacuum, were later exposed to air or oxygen and observed again at various intervals. 


The steroid lipids and hormones are too complicated in structure to permit any 


detailed or complete interpretation of the paramagnetic resonance spectra induced 
by irradiation of them. Nevertheless, it has proved possible by comparison of the 
resonances produced in related steroids which differ only slightly in composition or 
structure to gain information about the relative effects of ionizing radiation upon 
various members of this biologically significant class of compounds. 

Sitosterol, Cholesterol, and Cholic Acid. Sitosterol and cholesterol have the same 
steroid ring structure, 


HO 
and differ only in the group X, which is CH(CH3;)(CH:2);CH(CHs)2 for cholesterol 
and CH(CHs;)((CH2)CH2)CH(C.Hs)CH(CHs). for sitosterol. Upon irradiation in 
a high vacuum with ionizing gamma rays, they give the same type of resonance 
pattern, a triplet with a doublet substructure, apparently arising from three cou- 
pling protons, two with equivalent coupling and the third with somewhat less cou- 
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___ CHOLESTEROL 





ie ; 
q—> 

Fic. 1—Electron-spin resonance curves for y-irradiated cho- 
lesterol and sitosterol with samples under vacuum and exposed 
to air. Observations were made at room temperature on pow- 
dered samples. The curves represent second derivatives of the 
actual absorption curve. Bars represent the theoretical pattern 
caused by three hydrogen nuclei interacting with the electron 
spin, two of which have equal coupling. The irradiation dosage 
was of the order of 10’ r. Markers at base are spaced 68 gauss 
apart. Arrows pointing downward represent the position for 
DPPH resonance, g = 2.0036. The observation frequency was 
9 kMe/sec. Recordings were made on curved co-ordinate paper 
with an Esterline-Angus automatic pen and ink recorder. 


pling than the two equivalent ones. The observed resonances are shown in Figure 1. 
Such a combination should give a symmetric pattern, as indicated by the bars in 
Figure 1. The symmetry in the observed curves is slightly marred, possibly by the 
resonance of a secondary radical or by small anisotropies in the g factors and cou- 
pling constants. ! 

It is not possible to be certain which of the three protons is coupling to the elec- 


tron spin in these complicated systems. One seemingly reasonable possibility is 
that a C-H bond is broken in the vicinity of the C=C bond, leaving the free radical, 


CH, 


X 
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which should be stabilized through contributions of such hyperconjugated 
structures as 


CH, CH; 


V7 


CH; CH; 
\IANCZ J |Z CZ 
Na H. 
oe | ©€ C 
H H. H H HH 


(II) (IIT) 


HO 


These could account for the observed coupling with three protons. 

The resonances for cholesterol and sitosterol produced by irradiation in a vacuum 
decay very rapidly upon exposure to air or oxygen. The effects of decay, although 
comparably rapid for both, appear to differ. For cholesterol, the resonance is first 
converted to a singlet, which then decays rapidly. For sitosterol, the original pat- 
tern decays with no apparent change of form. These effects are demonstrated in 
Figure 1. 

A possible mechanism for the observed oxygen effect in cholesterol is that molec- 
ular oxygen combines with the proposed radical I to form the peroxide free radical 
I\: 


O 
(IV) 


which gives the singlet. Since the unpaired electron spin would be localized on the 
QO» of this radical, no proton hyperfine structure would be expected. Furthermore, 
the flopping about of the Oy axis at room temperature should reduce the spin-orbit 
coupling in the peroxide-free radical to make its resonance sharp. This possibility 
has been pointed out by V. V. Voevodsky.? The trapped O» of this group might 
then react with the adjacent group to open the ring, release atomic hydrogen, and 
form two carbonyl bonds: 
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The atomic hydrogen released in this process would escape too rapidly to be detected 
in these experiments. Thus the decay of the resonances might be explained. Simi- 
lar reaction mechanisms for O2 have been postulated by others. 

Because of their similar patterns when observed in a vacuum and because of their 
similar structure, cholesterol and sitosterol would be expected to have the same oxy- 
gen effect. A mechanism like that proposed for cholesterol could account for the 
oxygen effect observed for sitosterol if for it (but not for cholesterol) the decay of the 
final peroxide radical is more rapid than the diffusion rate of oxygen into the sample. 
Then the peroxide-free radical might never reach detectable concentrations in sitos- 
terol, and one would observe only the decay of the original signal. If this inter- 
pretation is correct, the decay rate of the secondary resonance for cholesterol gives 
a measure of the reaction rate of the peroxide radical with its surrounding groups, 
whereas the decay rate of the signal in sitosterol gives a measure of the diffusion 
rate of Oy into the sample. ciinas ieee 
Cholie acid, v 


OH 
'CH, 


N AIR 9 DAYS 


HO? | OH 


X = CH(CH;)CH,CH.COOH 


has a steroid ring structure similar to that for cho- 
lesterol or sitosterol but has a carboxylic acid group 
and no C=C bond. Its resonance is entirely different 
from that of cholesterol when it is subjected to ioniz- . 


H-> 


ing irradiati ; are Figures 2: ‘urther- . ' ‘ 
ing irradiation. Compare Figures 2and1.  Furthet Fro. 2.—Electromanla. sen 


more, there is no corresponding decay of the res- onance curves for y-irradiated 
cholie acid, with conditions as 


onance in air for cholie acid, as was observed for Bionr 
described for Figure 1. 


cholesterol and sitosterol. The resonance produced 
by irradiation of chee seid? a vacuum can be observed after days of exposure to 
air (see Fig. 2). 

One can hardly attribute the absence of an oxygen effect for cholic acid to an 
inability of oxygen to diffuse into the powdered sample which we used. Evidently, 
oxygen does not readily attack the radical produced in the cholic acid. Possible 
reasons for this will be discussed after related effects in other steroids are described. 

Steroid Hormones. Stigmasterol has the same steroid ring structure as that for 
sitosterol and cholesterol (see structure I above) but has a pure hydrocarbon X 
group, CH(CH;)CH = CHCH(C2H;)CH(CHs)2 containing a C=C bond. In facet, 
the compiete structure of stigmasterol and sitosterol differ only in this double bond. 
When stigmasterol is irradiated in a vacuum, its resonance (see Fig. 3) is a triplet 
with doublet substructure, like that for sitosterol and for cholesterol. It is believed 
to arise from a free radical similar to that deseribed for cholesterol, with the electron- 
spin density concentration in the steroid ring structure and interacting with three 
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_-STIGMASTEROL ___ ERGOSTEROL 
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Fig. 3.—Electron-spin resonance curves for stigmasterol and ergos- 
terol, with conditions as described for Figure 1. 
protons. Furthermore, its oxygen effect is similar to that for cholesterol (compare 
Figs. | and 3). 


The steroid ring for ergosterol, 


HO 


has two double bonds but is otherwise similar to that of cholesterol. Its X group 
attached to the ring, X =CH(CH;)CH =CHCH(CH;)CH(CHs)s, is a pure hydro- 
carbon group similar to that of stigmasterol, with one C=C bond. 

If the electron-spin density is concentrated in the steroid rings of radicals formed 
from all these substances, one would expect the second double bond of the ring to 
cause ergosterol to have a proton hyperfine structure different from that of stig- 
masterol. The patterns do appear to differ. Both decay rapidly in air, although 
the decay for stigmasterol is preceded by a conversion of the resonance pattern to a 
different one, whereas that for ergosterol is not. Our explanation for this difference 
is the same as that given for the similar difference between cholesterol and sitos- 
terol. 

The molecular structures of progesterone, testosterone, and testosterone pro- 
pionate differ from those of the steroids already discussed mainly in that they have 
a carbonyl group in the place of the aleohol group in one of the four rings. Their 
structural formula is 
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OF 
where X. = COCH,; for progesterone, X = OH for testosterone, and X = COOCH,- 
CH; for testosterone propionate. These steroids all give different resonance pat- 
terns when irradiated in a vacuum. The X group therefore has significant influence 
on the radical formation in them. In fact, the electron-spin density may be con- 
centrated in the external X group of progesterone and testosterone propionate 
rather than in the steroid ring structure. For evidence of this, see the later section 





PROGESTERONE TESTOSTERONE PROPRIONAT 
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H —— 
Fig. 4.—Electron-spin resonance curves for y-irradiated pro- 
gesterone and testosterone propionate, with conditions as de- 
scribed for Figure 1. 
on oxygen effects. Unfortunately, the resonances are too complicated to be 
assigned to a specific free radical. Unequal interaction of the electron spin with 
three or more protons is indicated. The signals of none of these three hormones 
decay rapidly in oxygen or air. The stability of the patterns when the samples are 
exposed to air is illustrated for progesterone and testosterone propionate in Figure 4. 
The ring structure for pregnenolone, 


CHs COCH, 
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_ PREGNENOLONE _ ____ TESTOSTERONE 
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i> H—> 
Fig. 5.—-Electron-spin resonance curve for y-irradiated pregnenolone and _ testos- 
terone, with conditions as described for Figure 1. 

is similar to that for cholesterol except that the C=C bond is switched to an adjacent 
position. Figure 5 shows its observed spin resonance, which is similar to, but not 
exactly like, that for cholesterol. Unlike that for cholesterol, its resonance does 
not decay rapidly when the irradiated sample is exposed to air. Its X group, 
COCH,, is the same as that for progesterone. In facet, pregnenolone is formed from 
progesterone simply by the addition of an H to the carbonyl O of its ring, to form 
the OH group. 

eon Hexesterol. The very potent hormone hexesterol 
——- does not have the steroid configuration but has two 
rings connected by saturated carbon groups to form 
the interesting symmetrical structure 


OH 


—— ee HO” 


Fic. 6.-—Electron-spin reso- P : : ’ f 
nance curve for y-irradiated When we irradiated this hormone in a vacuum at 


tegen Bali ya “room temperature, we obtained the electron-spin res- 
onance shown in Figure 6. It has a proton hyperfine 
structure which appears superficially to be a triplet with a subtriplet structure. The 
subtriplet structure, however, does not have the symmetrical spacing or the relative 
subintensity distribution for two equally coupling protons. Also, one component is 
sharper than the other two. A possible interpretation is that there are two super- 
imposed patterns, one a triplet of doublets, labeled (a), with a g factor of 2.00, and 
the other a triplet, labeled (6), with a slightly different g factor. These two patterns 
might arise from the same radical with parallel and perpendicular orientation in the 
applied field or with different relative orientations of the two rings. The latter 
possibility is an interesting one, for it seems that a variation in the relative orienta- 
tions of the symmetrical groups in hexestrol might vary its hormone activity. As 
an indication of possible orientation effeets, we were able to produce marked changes 
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in the resonance pattern by varying the temperature of the irradiated sample 
moderately, but we were not able to obtain any consistent or reproducible changes. 
These temperature effects are being investigated further. 

The resonance pattern of irradiated hexesterol is converted in air to that charac- 
teristic of the peroxide radical and thereupon decays rapidly. 

Thyroid and Parathyroid. Figure 7 shows the electron-spin resonance of y- 


PARATHYROID THYROID 
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a i> 
Fic. 7.—Electron-spin resonance curves for y-irradiated para- 
thyroid and thyroid, with conditions as described for Figure 1 


irradiated thyroid and parathyroid and the effects of air on them. The samples 
employed were commercial ones obtained from the Nutritional Biochemical Com- 
pany. 

The resonance for parathyoid is a doublet with component spacing of 18 gauss, 
similar to that for many irradiated proteins. Although the doublet components are 
not of equal intensity, it seems probable that their inequality arises from the pres- 
ence of small amounts of oxygen which could not be pumped from the sample. 
Upon the admission of air to the irradiated sample, this asymmetry increases rapidly 
until, after 12 minutes, there is essentially only one component. left (see the lower 
curve for parathyroid in Fig. 7). This effect suggests that oxygen interacts with the 
free radical to convert it to a peroxide one, which then proceeds to deeay. 

The resonance of irradiated thyroid is a reasonably symmetric quartet with 
approximate intensity rations of 1, 3,3, | and with a total spread of 56 gauss. This 
pattern suggests a free radical with three equally coupling hydrogens. There is 
evidence, however, for a substructure in the components which may arise from other 
interacting protons with weaker coupling. 

In contrast to that of parathyroid, the resonance for thyroid shows no significant 
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change when the sample is exposed to air after irradiation. At least it shows no 
significant change after 7 days in air (see the lower curve for thyroid in Fig. 7). 
Vitamins. Vitamin De (ealciferol) has a chemical structure 


CH; 


is es 


HOZ 
X = CH(CH,)CH = CHCH(CH,)CH(CH,)CH; 


very similar to that of ergosterol. It is formed from ergosterol by the opening of a 
C-C bond in the second ring and the formation of an additional C=C bond. Fig- 


ure 8 shows the electron resonance of y-irradiated vitamin D in a vacuum and im- 
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Fig. 8.—Electron-spin resonance curves for y-irradiated vita- 
min DD. (ealeiferol) and biotin, with conditions as described for 
Figure 1. 


mediately after air is admitted to the irradiated sample. The resonance pattern 
for the evacuated sample is qualitatively different from that of ergosterol. It is 
not well resolved but shows hyperfine structure apparently caused by an even num- 
ber of hydrogens, probably caused mainly by two, probably the two of the CH. group 
held by the double bond. As might be expected, signals of irradiated vitamin D, 
decay rapidly like those of ergosterol when the irradiated sample is exposed to air 
(see Fig. 8). 


Biotin, or vitamin H, has the structure 
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QO 


Ce 


\ 


i 
NH NH 


CH CH 
CH, CH—CH,—CH,—CH,—CH,—COOH 
8 

and is seen to contain sulfur, nitrogen, and two carbonyl groups. The electron- 
spin resonance of y-irradiated sample of biotin, shown in Figure 8, has a complex 
and incompletely resolved proton hyperfine structure which we shall not attempt to 
assign to a specific radical. The resonance does not decay rapidly when the irra- 
diated sample is exposed to air. 

Riboflavin, riboflavin 5-phosphate sodium, folic acid, and vitamin K; when y- 
irradiated gave moderately broad resonances with no resolvable structure (see Fig. 
9). None of these resonances decayed rapidly when the samples were exposed to 
air. After several hours of exposure to air they were essentially unchanged in 
amplitude and form. 
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Fic. 9.—-Electron-spin resonance curves for various 7-irradiated 
vitamins, with conditions as described for Figure 1 
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Fic. 10.—Electron-spin resonance curves for y-irradiated ascorbic acid and calcium 
ascorbate, with conditions as described for Figure 1. 











Riboflavin has a three-membered ring system containing four nitrogens and two 
carbonyl groups. It seems reasonable that the unpaired electron in irradiated 
riboflavin is trapped in the ringed system and interacts with the nitrogens and 
C-H hydrogens of the rings. The nuclear intereactions should broaden the reso- 
nance without producing a resolvable structure. The resonance for riboflavin 5- 
phosphate sodium has only about half the width of that for riboflavin. This smaller 
width may result from a lower concentration of the spin density on the atoms with 
interacting nuclei. Possibly the spin density is concentrated on the O’s of the phos- 
phate group. The rather broad width of the resonances for vitamin Kk; and folic 
acid may also result. from unresolved structure caused by interacting nuclei. The 
ringed system of folie acid has four nitrogens, and that for vitamin K; has several 
C-H groups. 

Ascorbic acid when subjected to ionizing radiations gives a doublet eleetron-spin 
resonance with a weaker central component (see Fig. 10). Because the intensity of 
the central component can be made to differ relative to that of the doublet, it is 
believed to arise from a radical other than that which gives rise to the doublet. 

The doublet spacing, AH = 27 gauss, for the ascorbic acid radical is the same at 
2.7 kMe/sec as at 9 kMe/see. Thus it most likely arises from coupling of a single 
proton with the electron spin. From our present observations we cannot be sure 
which of the several protons gives rise to the doubling. An interesting possibility 
is that the ionized ascorbie acid loses an H+ to form the free radical, 

C=O 
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which could couple to the OH proton through 5 per cent contribution of II]. Also 
forms III and IV 


(LIT) (IV) 


among others, should contribute heavily to the ground state. Here X = 
CHOHCH,OH. The O-H group would probably form a hydrogen bridge with one 
of the adjacent carbonyl groups, as indicated in I. 

Evidence for the above interpretation is that calcium ascorbate, 


gives no doublet but only a sharp singlet. When irriadiated, it should yield a free 
radical represented as a hydrid of the two equivalent forms II and IIT. 


p x 
(II) (IIT) 


Oxygen Effects. A surprising correlation has been noted between the absence of 
an oxygen effect on the resonance and the presence of carbonyl groups in the mole- 
cule. The electron resonances for all unsaturated hydrocarbons such as ergosterol 
or hexesterol with no C—O groups were found to decay rapidly upon exposure to air 
or oxygen. A mechanism for this decay is discussed above for cholesterol. How- 
ever, very similar substances having C=O groups exhibited no such decay in air. 
The evidence indicates that the carbonyl group acts as a protector against oxygen 
attack in certain irradiated substances. This simple correlation cannot, of course, 
be expected to apply in all cases, but, to our amazement, it seems to hold for all the 
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diverse biochemicals examined in the present work. The correlation is shown in 
Table 1. 

It may be that the electronegative oxygen of the carbonyl bond in some way 
shields the electron spin from attack by Os. If this is true, the odd electron density 
must be concentrated on, or near, the carbonyl group—as is indicated, for example, 
in the various structures proposed for the free radicals in irradiated ascorbic acid 
or calcium ascorbate. Thus the correlation found indicates that the carbonyl 


group has a strong influence on radical formation, at least in the compounds of the 


type examined here. Our results imply that in large, unsaturated hydrocarbon 
molecules the odd electron density produced by irradiation is likely to be concen- 
trated in the vicinity of the C=C bond or bonds but that when both C =O and C=C 
bonds are present, the odd electron is more likely to be concentrated in the vicinity 
of the C=O group. The tendency of the odd spin to be formed in the vicinity of a 
double bond can be accounted for on the basis of resonance stabilization, as indicated 
in a few instances above. 

It is interesting to speculate whether the absence or presence of an oxygen effect 
divides the hormones and vitamins into two classes with basically different fune- 
tions, as, for example, thyroid and parathyroid, testosterone and estradiol. 


TABLE 1 


CORRELATION OF EFFECTS OF AIR OR OXYGEN ON RESONANCE WITH 
PRESENCE OF C=O Group IN MOLECULE 

Oxygen 

Substance C=O Group Effect * 
Cholesterol No Yes 
Sitosterol No Yes 
Stigmasterol ' No Yes 
Calciferol No Yes 
Hexesterol No Yes 
Parathyroid. : Yes 
Ergosterol No Yes 


Cholie acid Yes No 
Progesterone Yes No 
Testosterone Yes No 
Testosterone propionate Yes No 
Pregnenolone Yes No 
tiboflavin Yes No 
Riboflavin 5-phosphate sodium Yes No 
Vitamin Ks Yes No 
Nicotinic acid Yes No 
Folie acid. Yes No 
Ascorbic acid Yes No 
Calcium ascorbate Yes No 
Biotin Yes No 
Thyroid Yes No 
* Oxygen effect is here defined as a noticeable change or decay of the resonance signal 
within a few minutes or hours after exposure of the sample to air or oxygen. 


* This research was supported by the United States Air Force through the Air Force Office of 
Scientific Research of the Air Research and Development Command and by the Office of Ordnance 
Research, Department of the Army. Reproduction in whole or in part is permitted for any pur- 
pose of the United States Government. 

+ Present address: Department of Physics, West Virginia University, Morgantown, West 
Virginia. 

' For a simplified deseription of nuclear effects in electron-spin resonance of irradiated biological 
substances see W. Gordy, in Information Theory in Biology, ed. H. P. Yockey, R. P. Platzman, and 
H. Quastler (New York: Pergamon Press, 1958), pp. 241-261. 
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2V. V. Voevodsky, Informal discussion of the Faraday Society, Sheffield University, Sheffield 
(England), September 4—5, 1958, p. 25. 

3 N. Bach, “Oxygen and Peroxide Effects in Organic Liquids”; J. Weiss, “Oxygen and Peroxide 
Effects in Aqueous Solutions’; M. Magat, “Oxygen and Peroxide Effects on Organie Solids,” 
papers read at the International Congress of Radiation Research, Burlington, Vermont, August 
10-16, 1958. 


ELECTRON-SPIN RESONANCE STUDIES OF RADIATION DAMAGE 
TO THE NUCLEIC ACIDS AND THEIR CONSTITUENTS* 


By Howarb SHIELDST AND WALTER GorDY 
DEPARTMENT OF PHYSICS, DUKE UNIVERSITY, DURHAM, NORTH CAROLINA 


Communicated by Charles R. Hauser, December 19, 1958 


We have sought to apply the method of electron-spin resonance to gain informa- 
tion about the effects of ionizing radiations on desoxyribonucleie acid (DNA) and 
ribonucleic acid (RNA) as well as on their constituents and the enzymes which 
attack them. Earlier we applied this method to the proteins and their constit- 
uents.! 

The nucleic acids are believed to be the constituents in the genes which carry 
the information for constructing all living matter. These acids? are long-chain 
polymers, the hydrolysis of which yields pyrimidine and purine bases, a pentose 
sugar, and phosphoric acid. Ribonucleic acid (RNA), found chiefly in the eyto- 
plasm of the cell, upon hydrolysis yields phosphoric acid; the pentose sugar, b- 
ribose; the pyrimidine bases, cytosine and uracil; and the purine bases, adenine 
and guanine. Desoxyribonucleic acid (IDNA), found in the nucleus of the cell, 
upon hydrolysis yields phosphoric acid; a desoxypentose sugar; the pyrimidine 
bases, cytosine and thymine (5-methyl-uracil); and the purine bases, adenine and 
guanine. In some samples of DNA the pyrimidine base 5-methyl-cytosine is 
found. By partial hydrolysis the nucleic acid polymers can be broken down into 
the nucleosides, segments containing one of the bases and a sugar unit, or into the 
nucleotides, the more complete segments which contain a base, a sugar, and a 
phosphate unit. 

In the present study we have included the various constituent units obtained by 
partial as well as complete hydrolysis of the nucleic acids. However, our study is 
neither complete nor final. A knowledge of radiation effects upon these “patterns 
of life’ is of sufficient importance to justify more extensive studies with the power- 
ful method of electron-spin resonance. 

The reader not familiar with the subjects of electron resonance can find deserip- 
tions of it in other, more lengthy works.’ It is sufficient to remark here that ioniz- 
ing irradiations produce paramagnetic species within organic matter by separating 
electrons, normally paired in chemical bonds, in such a way that their electron- 
spin moments and orbital moments are canceled. If the paramagnetic species is 
placed in a microwave cavity which is in a magnetic field of the proper magnitude, 
the unpaired electrons ‘resonate with” and absorb microwave radiation which is 
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passed through the cavity. The proper field strength is given by the relation 

hv 

gb 
where h is Planck’s constant, v is the microwave frequency, 8 is the Bohr magneton, 
and g is the spectroscopic splitting factor. In most paramagnetic species, or free 
radicals, produced by ionizing radiations on most organic chemicals or biochemicals, 


H = 


g has a value very near that for the free electron, 2.0023. 

The spectra shown in the present work are automatic recordings of the second 
derivatives of the actual resonance curves. The maximum peak of the second deriva- 
tive curve coincides with that of the actual resonance, and the minimum on either 
side occurs at approximately the half-intensity points of the actual resonance. Thus 
the distance, in gauss, between the two minima represents the aproximate width 
of the resonance. All curves shown here were obtained at a microwave frequency 
of 9000 Me./sec. and at room temperature. The samples were irradiated with 
y-rays from a kilocurie cobalt 60 source. A preliminary study was made with 50 
ky. X-irradiated samples.‘ No significant differences in results were found with 
the two methods of irradiation. 
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Fic. 1.—Electron-spin resonance curves for y-irradiated thymine, uracil, cytosine, 
and 5-methyl cytosine. These are second derivatives of the actual resonance curves; 
they are recorded by an Esterline-Angus automatic pen-and-ink recorder on curved co- 
ordinate paper. Bars represent theoretical patterns for nuclear hyperfine structure as 
explained in the text. Base markers are spaced 68 gauss apart. Arrows pointing 
downward represent the position for DPPH resonance, g = 2.0036 gauss. The ob- 
servations were made on evacuated, powdered samples at room temperature and at a 
frequency of 9 kMe/sec. Dosages of the order of 5 X 10° r were given with a kilocurie 
cobalt 60 y-ray source. 
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Commercial samples, obtained mostly from Nutritional Biochemicals Corpora- 
tion, were used. Deoxynucleotides were obtained from Sigma Chemical Company. 

Pyrimidine and Purine Bases. Figure 1 shows the resonance curves obtained 
from y-irradiated samples of the pyrimidine bases found in the side chains of the 
nucleic acid polymers. Thymine, found only in DNA, upon prolonged irradiation 
yields only a weak resonance. Its structure appears to arise from two sets of pro- 
tons with unequal coupling. Probably one set is the methyl group protons. Be- 
cause the resonance is weak and incompletely resolved, it is impossible to make a 
definitive assignment. The pattern resembles the stronger one for thymidine dis- 
cussed later. It is interesting that the pattern for 5-methyl-cytosine is different 
from that of thymine. The chemical formulas for these two bases differ in only 
one attached group. The most pronounced feature of the 5-methyl-cytosine pat- 


OH NH2 
C C 
Vi i Wa , 
N C—CH; N C—CH,; 
HOC CH HOC C—H 
7 WA 
N N 
Thymine 5-Methyl-cytosine 


(5-methyl-uracil) 


tern is the triplet with components of equal intensity, suggesting N'4 coupling prob- 
ably by the NH» nitrogen. There are weaker components more widely spaced 
which resemble those for thymine, but these may arise from a second radical. 
Evidently the methyl group is either directly or indirectly responsible for the 
hyperfine structure in both these substances. Similarly, irradiated cytosine and 
uracil, which do not have the methyl group, have no resolvable hyperfine structure 


OH NH, 
i c 
N O—H N OC-H 
HOC C—H HOC C—H 
\ yi Y Pi 
N N 
Uracil Cytosine 


in their resonances. Resonances obtained for thiouracil and for 2-thio-cytosine 
were similar to, but somewhat smaller than, those for uracil and cytosine. 

The purine bases, adenine and guanine, gave no detectable resonance after 
y-irradiation with doses of the order of 5,000,000 r. Furthermore, the signals ob- 
tained from the pyrimidine bases were much weaker than those obtained after 
comparable dosage from many other biochemicals, including most of the amino 
acids. Once formed, however, the signals are long-lived. This indicates that most 
of the electrons separated by the irradiation become quickly repaired. Because 
the pyrimidine and purine bases are highly conjugated molecules, the ionizing radia- 
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Klectron-spin resonance of y-irradiated d-2-deoxyribose and p-ribose, with 


conditions as described for Fig. 1. 


tion may often remove an electron from the conjugated z electron system without 


breaking open the ring or removing an atom or group. 
te) S S 5 


The ejected electron cap- 


tured by a neighboring molecule might be in a molecular orbital with its wave 
function overlapping other molecules sufficiently to allow the electron to jump from 
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Fig. 3.—Electron-spin resonance of y-ir- 
radiated thymidine, cytidine, and uridine, 
with conditions as described for Fig. 1. 


one to another molecule until it falls 
into a vacancy and becomes paired 
again. Of course, the unpaired spins 
may be canceled by some other proc- 
ess—through a chain reaction or 
through the release of H atoms—but 
there is evidence for rapid repairing of 
most of the spins. This repairing is 
more complete in the purine than in the 
pyrimidine bases. 

Ribose and Deoxyribose——The two 
sugars found in the nucleic acids are 
b-ribose (in DNA) and d-2-deoxyribose 
(in RNA). 


onance obtained from both types of 


Figure 2 shows the res- 


sugar after irradiation with cobalt 60. 
The patterns are markedly different. 
That of d-2-deoxyribose is a quintet 
with intensity ratios 1, 4, 6,4, 1, those 
expected for 4 equally coupling protons. 
The splitting per proton here is only 14 
gauss, as compared with about 25 gauss 


found in the quintets in irradiated alanine and several other organic molecules. — It 


is not possible to determine from the pattern alone which four of the several protons 


in the d-2-deoxyribose give rise to the splitting or what the specific form of the 


radical may be. 
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b-ribose gives a resonance entirely different from that of the d-2-deoxyribose. 
Its resonance is not symmetric but can be interpreted as a doublet of 17 gauss 
spacing, with its symmetry slightly marred by the resonance of a second radical. 
The pattern indicates significant coupling by only one proton. 

Nucleosides.—The pyrimidine and purine bases are condensed with ribose or 
deoxyribose to form the nucleosides, the more complete constituent units of the 
nucleic acids. Figures 3 and 4 give resonance curves for various nucleosides. 
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> 
;. 4.-Electron-spin resonance of y-irradiated guanosine, desoxyguanosine, adenosine, 
and desoxyadenosine, with conditions as described for Fig. 1 


Thymidine, a constituent of DNA, is formed from thymine and d-2-deoxyribose. 
Its resonance is similar to that of thymine and shows no evidence for the d-2- 
deoxyribose pattern (compare Figs. | and 3). We conclude that the unpaired spin 
is probably trapped in the thymine ring and that the large proton splittings arise, 
at least partly, from the methyl protons. 

The hyperfine structure of thymidine, like that of thymine, is difficult to explain. 
The structures might possibly be interpreted as an incompletely resolved triplet of 
quartets arising from sets of two and three equivalently coupling protons. The 
set of three would presumably be the proton of the methyl group, which for both 
thymine and thymidine would have the reasonable coupling of 23 gauss each. 
Theoretical patterns based on this model are given in Figures | and 3. They agree 
reasonably well with the observed structures. However, a large splitting of the 
order of 42 gauss each by two protons, as assumed in the calculations, is difficult to 
justify for thymine or thymidine. It is essentially the same as the triplet splitting 
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observed in guanosine and desoxyguanosine (see Fig. 4), which is also difficult to 
understand. The resonance structure for thymine or thymidine might also be 
interpreted as arising from two different species of radicals, one giving a wide 
doublet with spacing of 84 gauss and with a quartet substructure having component 
spacing of 23 gauss, and the other giving the strong central doublet. Thus an 
unambiguous assignment of the components cannot be made at this time. 


OH NH, 


— : 
N CCH, 


OC CH 
ff 


CH.OH oo 


Thymidine Cytidine 


Except for some very weak outer components, cytidine gives an equal intensity 
triplet with component spacing of 10 gauss, similar to that found for 5-methyl- 
cytosine. An equal intensity triplet such as this would be caused by a single cou- 
pling N' nucleus for which the spin is / = 1. However, it is not expected that N' 
coupling could be resolved in these polycrystalline samples unless the large aniso- 
tropic p orbital coupling for the N is averaged out in some manner. — If the splitting 
is caused by the N of the NH» group, possibly the p orbital component in the cou- 
pling is greatly reduced by inversion, by torsional or other motions of the N Hy group. 
The observed isotropic coupling likely arises from an s orbital component in the 
orbital of the odd electron. The resonance of uridine is also a triplet of comparable 
spacing to that of cytidine, but the components are not of equal intensity. 

Figure 4 shows the resonances obtained from the nucleosides of the purine bases 
which are constituents of RNA (top curves) and DNA (lower curves). Guanosine 
and desoxyguanosine give the same resonance, a triplet with the approximate 
intensity ratios 1, 2, 1--those expected for two equally coupling protons. There 
are broad shoulders to the left of each peak which we cannot explain but which may 
result from an asymmetry in the g factor. The surprising thing is the large com- 
ponent spacing of 40 gauss, larger than that usually found for hydrocarbons in 
aliphatic hydrocarbon free radicals. In its base ring guanosine has only one CH 
proton, and it seems improbable that it would be strongly coupled to an unpaired 


electron migrating in the ring. 
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Adenosine has a molecular structure very similar to that of guanosine. The 
distinguishing difference in structure is that guanosine has an OH as well as an 
NH, attached to its ring. The electron resonance of irradiated adenosine and 
desoxyadenosine have strong central peaks about 27 gauss in width, unresolved 
structure revealing at least three peaks. On either side, and about 42 gauss from 
the central peak, are similar but much weaker components. These outer peaks 
are stronger in the desoxyadenosine than in guanosine but in both are too weak to 
form the 1, 2, 1 intensity ratio with the central component, which would be ex- 
pected for two equally coupling protons. It is possible, however, that the reso- 
nance is such a triplet and that the outer components are broader than the central 
component so that the true relative intensity is not revealed. 

The related compound xanthosine was found to give a triplet resonance similar 
to that of guanosine when irradiated and observed under similar conditions. 

The resonances of the nucleosides shown in Figure 4 were essentially unchanged 
after exposure to air for hours, and all were detected after air exposure of more 
than a week. 

Nuceleotides.—Still more complete units of the nucleic acids are the nucleotides, 
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which contain the phosphate group as well as the base and the sugar ring. We 
examined the ribo-mononucleotides—guanalytic, adenylic, cytidylic, and uridylic 
acids. The results are shown in Figure 5. They are similar to, but not identical 
with, those obtained for the nucleosides. A strong central peak of about 25 gauss 
in width and with an incompletely resolved structure is obtained in all the samples. 

Interestingly, guanylic acid yields a triplet structure with the intensity ratios 
1, 2, |--as expected from two equally coupling protons—and with a component 


OH 


C N 
N C 
CH 
C C 
\ / ‘9 Fal 
N 


N 


Guanylie acid 


spacing of 38 gauss, essentially the same as that of the triplet in guanosine. How- 


ever, the individual components for guanylie acid are much broader than those for 
guanosine and show evidences of a substructure. Adenylic acid likewise shows weak 
satellites about 40 gauss on either side of its strong central peak, like those of 
adenosine. 

The signals for the ribo-nucleotides shown in Figure 5 were obtained from samples 
irradiated and observed under vacuum. However, the resonances were again 
observed, not noticeably changed in form, after exposure to air for a week. 

From the results we have obtained so far, it appears that the sugar ring influences 
radical formation or the nature of the nuclear coupling, even though the electron 
spin may be largely trapped in the base rather than in the sugar component. Com- 
pare the results for the deoxynucleotides in Figure 6 with the corresponding ribo- 
nucleotides in Figure 5. Note, however, that the desoxyguanyliec acid contains a 
calecuim salt which may alter the results in a qualitative manner. Further, the 
samples of the desoxy- and ribo-nucleotides were obtained from different companies 
and may differ significantly in purity. 

Interestingly, the desoxyguanylic acid + Ca salt was the only nucleotide for 
which the resonance showed a rapid oxygen effect. Note that in Figure 6 the outer 
components have disappeared and the strong central component has become sharper 
after exposure to air for 30 minutes, whereas in a corresponding time there were no 
significant changes in the resonance for desoxycytidylie acid. If the rapid oxygen 
effect for desoxyguanylic acid is caused by the impurity salt, then the oxygen effects 
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Fic. 5.—Electron-spin resonance of y-irradiated guanylic, cytidylic, adenylic, and 
uridylic acids, with conditions as described for Fig. 1. 
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Fic. 6.—Electron-spin resonance of y-irradiated desoxyguanylic acid + Ca salt and of 
desoxycytidylie acid, with conditions as described for Fig. 1. Upper curves represent 
observations with the sample under vacuum; lower curves, those on irradiated sample 
after exposure to atmosphere for 30 minutes. 
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on RNA in the cell might be altered considerably by the other chemicals in the cell. 

The Nuclete Acids.—The nucleic acids are polymeric chains of the nucleotides. 
Figure 7 shows the resonance of both RNA and DNA after 7,000,000 r dosage of 
gamma rays from the cobalt source. The samples were irradiated and observed 


In a vacuum at room temperature. The resonances of the two are essentially 
indistinguishable but are unlike those of their constituent nucleosides or nucleo- 
tides. 
By comparison of the signals of measured samples which had been given 7 X 108 
r with the signal of comparable strength from a known number of DPPH radicals, 
we were able to ascertain that approximately 2,000 ev were required to produce one 
RNA radical, or unpaired spin, in either 
7 DNA or RNA at room temperature. 


This is of the order of 20 times the 





dosage per unpaired spin required in 
many substances, including such amino 
acids as alanine. 

There was no noticeable change of 
the signals of DNA or RNA after a 
period of 3 days in vacuum or in dry 
air. We conclude that there is no 
significant oxygen effect on the radicals 








which give rise to these signals. This 
conclusion also applies to the nucleo- 





sides and nucleotides which were inves- 
tigated, except for desoxyguanylic acid 
+ Ca salt. Strong signals, unaltered 
in shape, were observed in the nucleo- 
sides and nucleotides after a week of 
exposure to dry air following irradia- 
tion. Because of their complex shape, 
the signals produced in the nucleosides 
and nucleotides are more difficult to 
compare with those of DPPH. They 
are generally stronger, but not an order 














Fig. 7.—Electron-spin resonance of y- 
irradiated DNA and RNA with conditions as ; ‘ ; 
described for Fig. | the nucleic acids with the same dosage. 


In contrast, those of pyrimidine or 
purine bases are weaker than those of RNA and DNA with the same dosage. In air 
saturated with water vapor, the resonance signals of the irradiated nucleic acids 
were found to decay to noise level in about 3 days. This implies that HO may 
react with the radical R to produce a normal molecule ROH and atomic hydrogen, 
which could escape undetected through the lattice. Thus water, which, like oxy- 
gen, can hardly be eliminated from the living cell, could make radiation damage to 


of magnitude stronger, than those of 


certain molecules irreversible. Possibly water together with oxygen is necessary to 
destroy the resonance. Also, from the results on desoxyguanylic acid + Ca salt 
it appears that salt impurities may alter the oxygen effect. These points require 
further investigation. 
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Frank Patten and one of us (W. G.) are investigating the electron-spin resonances 
of nucleic acids irradiated at subroom temperature. We have already found that 
the nucleic acid signals are an order of magnitude stronger when the samples are 
irradiated and observed at 77° Kk. than at 300° K. Although there is still a central 
peak comparable in shape to the signals of Figure 7, the resonance at 77° K. has an 
observable structure spread over about 135 gauss. When the samples are allowed 
to warm to room temperature, the signals become considerably weaker and like 
those of Figure 7. ’ 

Ribonuclease and Desoxyribonuclease.—We have included the proteins ribonuclease 
and desoxyribonuclease in this study because they are enzymes which are instru- 
mental in breaking down the nucleic acid polymers. If thoroughly evacuated and 
irradiated and observed in a vacuum, they both give doublets of about 20 gauss 
separation, that found for many other proteins. The doublet is converted to a 
singlet upon exposure of the irradiated sample to air or oxygen. This effect is illus- 
trated for desoxyribonuclease in Figure 8. The final resonance is believed to arise 
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Fic. 8.—Flectron-spin resonance of y-irradiated desoxyribo- 
nuclease under vacuum and after exposure to air. Other condi- 
tions are as described for Fig. 1. 


from a peroxide radical formed from combustion of molecular oxygen with the 
radical originally detected in vacuum. Thus, in contrast to the nucleic acids, these 
enzymes, which catalyze their degradation, have a pronounced oxygen effect. 

Conclusions.—1. As evidenced by their resonance signals, the radicals produced 
by irradiation of DNA and RNA are different from those of any of their con- 
stitutents. . This suggests that one cannot predict the radiation effects on the nu- 
cleic acids from studies of the mononucleotides. 


2. The efficiency for production of detectable, long-lived radicals in the nucleic 
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acids by ionizing radiations at room temperature is low. This is evidence for a 
rapid recombination of unpaired electrons and possibly, but not necessarily, for 
inherently high radiation resistance in the nucleic acids. Possibly electrons can 
thus be removed from, and restored to, the a orbitals of the conjugated pyrimidine 
and purine groups without breaking the rings. It should be emphasized, however, 
that the radiation resistance of the nucleic acids is not proved. Bonds may be 
broken and new chemical species formed without the production of long-lived, 
detectable free radicals. 

3. Probably the sharp peaking of the resonance of DNA and RNA is caused 
from exchange interaction between electron spins in different nucleotide units, 
and the broad base of the resonance from electrons trapped in units which are too 
isolated for exchange interaction to occur. Thus the shape of the resonance, as 
well as the low efficiency of production of long-lived radicals at room temperature, 
indicates possible electron mobility or semiconductivity in the ionized nucleic 
aeids, 

!. The absence of an oxygen aftereffect on the resonance of the nucleic acids 
and their constituents is in agreement with the experimental observation® that 
oxygen must. be present during the irradiation to increase the chromosome damage. 


A possible explanation for the apparent failure of oxygen to attack the radicals 


is that their unpaired electrons are trapped in the basic rings containing the electro- 
negative nitrogens, which repel oxygen. 

5. One possible mechanism for the pronounced oxygen effect. upon chromosome 
damage when oxygen is present during the irradiation is that the oxygen captures, 
or assists in the capture of, electrons dislocated by the ionizing radiation in the 
nucleic acids to prevent their recombination. It would thus decrease the etfective- 
ness of the inherent radiation resistance of the nucleic acids mentioned in paragraph 
(2). Molecular oxygen is known to have a high affinity for electrons. Certain 
other impurities could also provide electron traps and thereby enhance the radia- 
tion damage. Oxygen might also combine with broken segments of the molecules 
to prevent the repair or recombination. Some form of rapid indirect action by 
oxygen evidently occurs.® 

6. The decrease of the resonance signal with increase of temperature implies 
that thermal motions assist electron recombination and that under certain condi- 
tions fewer chromosome aberrations might occur if cells are irradiated at higher, 
rather than at lower, temperatures. This is not necessarily true, because the spin 
moments can be canceled by a pairing of the electrons in new chemical species as 
well as in the original ones, and the increase in temperature should aid the formation 
of new species. Because of the two opposing effects, there should be an optimum 
temperature for least damage. There are optimum temperatures observed’ for 
survival from radiation damage by certain cells, but we do not know whether they 
are related to the present observations. Obviously, temperature effects on the 
whole cell are very complex. 

7. The strong resonances obtained for the nucleic acids irradiated and observed 
at 77° IX. indicate that there is a high potential damage which is in a very real 
sense “frozen in.’ The considerable decrease in signal strength obtained as the 
samples are warmed indicates possible reversal of much of the latent damage 
through recombination of the electrons. The rate at which the samples are re- 
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stored to the normal temperature should affect the amount of the ultimate damage. 
Interestingly, one might observe a delayed oxygen effect for cells irradiated at low 
temperatures. 
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